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PREFACE 


This  work  covers  work  conducted  in  the  calendar  year  of  1972  on 
the  research  task  entitled  "The  Mechanical  Properties  of  Rock  Masses". 

This  research  task  was  originally  planned  as  a  three  year  program  but 
was  prematurely  curtailed  after  this,  the  second  year.  The  material 
contained  in  this  report  thus  relies  upon  the  work  completed  in  the  first 
year  of  the  .contract  but  primarily  reports  that  work  completed  in  1972. 
Several  individuals  have  worked  on  this  contract,  these  are: 

E.  T.  Brown* 

J.  A.  Hudson** 

B.  Singh*** 

M.  P.  Hardy*** 

C.  Fairhurst***  (Principal  Investigator) 

Dr.  E.  T.  Brown  acted  as  a  consultant  in  this  work  and  performed 
many  of  the  tests  on  the  block  jointed  models  herein  recorded.  He  also 
provided  the  literature  survey  on  Joints  and  block  jointed  models  at 
no  cost  to  the  cc :  ..ract .  Dr.  J.  A.  Hudson  was  instrumental  in  procure¬ 
ment  of  the  contract  and  in  many  aspects  of  the  experimental  work  reported 
in. the  section  on  the  intrinsic  properties  of  rock  and  the  tests  of  block 
jointed  models.  Dr.  B.  Singh  completed  the  work  on  the  "continuum  charac¬ 
terization  of  rock  masses"  in  the  contract  period.  This  work  was  initiated 
in  the  first  year  of  the  contract  and  is  now  fully  reported  in  three 
published  papers,  hence,  only  a  brief  summmar  of  this  work  is  given  in  this 
report.  The  section  on  the  intrinsic  properties  of  rock  represents  some 
of  the  material  generated  by  M.  P.  Hardy  for  his  doctorate  dissertation. 
Professor  C.  Fairhurst  (Principal  Investigator)  directed  the  research  and 
played  an  active  part  in  all  aspects  of  it. 

This  report  was  prepared  by  M.  P.  Hardy. 


*  Currently  Associate  Professor  of  Civil  Engineering,  James  Cook  University 
of  Northern  Queensland,  Townsville,  Queensland,  Australia. 

**Currently  Senior  Research  Scientist,  Tunnels  Division,  Transport  and  Road 
Research  Laboratory,  Crowthrone,  Berkshire,  England. 

***Post  Doctoral  Research  Associate,  Research  Fellow,  Professor  and  Head 
respectively,  Civil  and  Mineral  Engineering  Department,  University  of 
Minneapolis,  Minneapolis,  Minnesota  55^55  U.S.A. 


TECHNICAL  REPORT  SUMMARY 


Thio  report  describes  research  activities  in  three  separate  areas 
related. to  the  overall  aim  of  improving  the  estimation  of  the  mechanical 
properties  of  rock  masses.  These  three  fields  are  broadly  classified 
as;  the  intrinsic  properties  of  rock  failure,  the  mechanical  failure  of 
block  jointed  models  of  rock  masses  and  the  continuum  characterization 
of  rock  masses  for  deformation  calculations 

The  fracture  of  brittle  rock  is  considered  as  an  energy  absorbing 
process  where  the  'work  of  fracture'  is  the  dominent  material  property. 

An  associated  material  property  'the  effective  crack  length'  is  defined 
as  a  througji-the-structure  crack  which  develops  after  the  application 
°-f  load  but  controls  the  maximum  load  carrying  capacity  at  the  structure. 
Numerical  analytical  procedures  are  outlined  to  predict  the  corrplete 
force  deformation  response  of  a  structure  failing  due  to  an  extending 
through-the-structure  crack.  These  predicted  force  deformation  curves 
are  compared  with  experimentally  derived  results  for  three  commonly  used 
tensile  strength  tests.  The  ambiquities  often  referred  to  in  tensile 
testing  of  rock  as  the  shape  and  size  effect  are  successfully  explained 
using  the  two  material  properties  of  'work  of  fracture'  and  the  effective 
crack  length. 


The  mechanical  failure  of  block  jointed  model  were  studied  using  a 
servo-controlled  loading  system  such  that  the  progressive  collapse  of 
these  models  under  uniaxial  conpressive  loading  could  be  studied  in  detail. 
The  mechanism  of  collapse  at  these  block  jointed  models  were  recorded 
photographically  and  indicate  that  several  mechanisms  are  operative  in  this 
process.  These  include;  fracture  of  individual  blocks,  rotation  of 
individual  blocks,  collapse  of  columns  of  blocks  of  rotation  or  buckling, 
slip  along  joint  planes  and  by  shear  deformation  of  individual  blocks. 

No  single  simple  theory  of  failure  appears  capable  at  this  time  of  predict¬ 
ing  the  collapse  loads  of  such  systems . 

The  dilatant  nature  of  the  collapse  of  these  block  jointed  models 
was  studied  under  two  different  confinement  pressures.  Failure  of  the 
specimens  was  again  controlled  using  a  servo-controlled  testing  machine. 
These  tests  illustrate  that  the  volumetric  strain  behavior  of  jointed 
specimens  can  be  vastly  different  from  that  of  comparable  unjointed 
specimens. 

The  continuum  characterization  of  a  jointed  rock  mass  is  briefly 
reported  in  this  report.  The  research  results  of  this  work  have  been 
reported  in  readily  available  journals  so  is  only  briefly  reviewed  here. 

The  low  shear  stiffness  of  joints  in  general  results  in  an  anisotropic 
continuum  characterization  of  the  rock  mass  with  a  low  shear  stiffness. 

The  practical  significance  of  the  anisotropic  characterization,  in  that 
the  pressure  'bulb'  from  any  applied  load  on  a  boundary  is  distorted  from 
that  of  the  isotropic  case,  is  discussed.  The  effect  of  joint  spacing 
and  thickness  upon  the  reliability  as  a  function  of  the  number  of  dila- 
tometer  tests  in  a  jointed  rock  mass  is  also  discussed  and  presented 
in  detail  in  one  of  the  published  papers , 
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CHAPTER  1 


INTRODUCTION  AND  OBJECTIVES 

The  need  for  a  better  understanding  of  the  mechanical  behavior  of  rock 
masses  i<=  a  main  reason  why  rock  mechanics  has  emerged,  over  the  past  two 
Sis  m  fspeoiSo  subject  for  study.  Unfortunately,  much  of  the  current 
reSSh  appears  to  be  academic  scientific  inquiry  ir  the  laboratory  with  little 
or  no  detectable  aim  towards  practical  utility.  On  the  other  hand,  many 
field  studies ,  supposedly  directed  towards  the  determination  of  practically 
useful  information^  are  found  to  be  of  limited  value  because  of  an  inadequate 
theoretical  framework  on  which  to  plan  experiments  or  interpret  the  results. 

Development  of  a  rational  approach  to  the  problem  of  estimating  the 
mechanical  behavior  of  a  rock  mass  was  the  aim  of  the  research  initiated 
underthe  general  title  "Estimation  of  the  Mechanical  Properties  of  Rock 
Masses."  This  research  effort  was  originally  planned  to  cover  a  three  year 
period.  The  work  reported  In  this  report  represents  the  results  of  the  second 
year  of  this  effort  and  hence  relies  somewhat  on  work  that  was  initiated  with 
in  the  first  year  of  this  contract  (ARPA  Contract  H0101610) . 

Methods  of  determining  the  mechanical  behavior  of  a  structure  fan  into 
two  general  categories,  the  analytic  method  andthesnythetic  method.  In  J* 
analytic  method,  the  response  of  the  structure  to  ^efP-ied  loads  is  predicted 
from  experimentally  determined  properties,  representative  of  the  material, 
be  representative,  the  specimens  used  in  the  experiments  must  be  large  enough 
to  contain  a  statistically  adequate  number  of  all  structural  elements  (i-e. 
those  components  which  significantly  influence  the  deformationa1  response  o 
the  structure) .  Comparison  of  the  predicted  response  with  that  observed  giv 
a  measure  of  the  validity  of  the  analysis.  The  analytical  method  is  the  one 
that  has  been  most  extensively  and  successfully  used  in  mechanics. 

In  the  synthetic  method,  the  deformational  behavior  of  the  structure  is 
computed  by  considering  the  interaction  between  the  various  significant 
structural  components,  based  on  a  knowledge  of  the  deformational  behavior 
each  individual  component . 

In  attempting  to  determine  the  mechanical  behavior  of  a  rock  it 

appears  that  a  combined  analytic-synthetic  approach  is  required.  --he  structura 
elements  frequently  include  .loints,  etc.,  spaced  several  feet  apart,  so  that 
it TSpSSl  to  test  samples  large  enough  to  be  considered  representative. 
The  overall  structure  nay  be  several  thousands  of  feet  in  dimension  so  that 
it  is  equally  impracticable  to  determine  and  take  individually  into  account  . 

structural  elements. 

It  does  seem  possible  to  sample  each  significant  structural  element, 
determine  representative  values  of  the  necessary  properties,  and  use  these  in 
the  analysis  of  the  overall  structural  behavior. 
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Many  rock  masses  consist  of  two  main  structural  elements,  viz., 
(1)  relatively  intact  blocks,  divided  by  (2)  essentially  planar  dis¬ 
continuities.  Following  the  method  of  study  outlined  above,  it 
should  be  possible  to  deduce  the  mechanical  behavior  of  the  rock 
mass  from  separate  study  of  the  mechanical  behavior  of  the  intact 
blocks  and  the  discontinuities.  This  behavior  can  be  most  thorough¬ 
ly  investigated  in  the  laboratory,  (assuming  that  the  field  environ¬ 
ment  can  be  maintained  or  reproduced  in  the  laboratory). 

The  mechanical  properties  can  be  conveniently  considered  in  the 
two  groups:  (a)  Deformation  properties,  (b)  Strength  properties. 

The  relative  importance  of  the  two  gruops  will  change  with  the  prac¬ 
tical  problem.  Thus,  foundations,  and  mine  subsidence  problems  may 
be  influenced  most  by  the  deformation  properties  of  the  rocks;  where¬ 
as,  tunnel  lining,  and  mine  pillar  support  designs  will  be  determined 
more  by  the  strength  properties  . 

For  an  overall  study  of  rock  mass  behavior,  therefore,  one 
can  define  several  inter-related  research  tasks: 

Study  of  the  deformability  and  strength  of  intact  rock. 

Study  of  the  deformability  and  strength  of  discontinuities. 

Study  of  the  deformability  and  strength  of  'jointed'  rock  masses. 

As  already  mentioned,  laboratory  tests  are  preferable  to  field 

tests  since  a  much  broader  range  of  test  conditions  can  be  imposed 
at  much  lower  cost.  Against  this,  however,  is  the  Important  fact 
that  force  capabilities  of  laboratory  equipment  limit  the  size  of 
the  specimens  that  can  be  tested.  This  is  particularly  true  when 
testing  specimens  from  intact  rock.  Correlation  between  laboratory 
and  field  must,  therefore,  include  consideration  of  the  influence  of 
size  of  specimen  on  measured  properties. 

Review  of  the  literature  indicates  that  numerous  investigations 
are  in  progress  on  the  subject  of  deformability  and  strength  of  dis¬ 
continuities.  It  also  appears  that  reasonably  consistent  values 
are  obtained,  so  that  it  should  be  possible  to  rationally  derive 
field  values  from  laboratory  studies. 

Although  much  attention  has  been  paid  to  the  problems  of  lab¬ 
oratory  testing  of  intact  rock  specimens,  there  is  considerable  uncer¬ 
tainty  as  to  how  laboratory  values  can  be  interpreted  for  field 
situations.  Different  laboratory  testing  procedures  have  given 
widely  differing  results  indicating  that  the  truly  representative 
material  properties  (which  do  not  vary  with  test  method)  are  not  be¬ 
ing  computed  from  the  results.  No  valid  extrapolation  to  field 
scale  parameters  can  be  made  until  such  'intrinsic'  material  proper¬ 
ties  have  been  determined. 
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bee„?^ydl!L?  tfe^l„d:L°roart1^yexapnf„s1?een„S2u?efor?1uTfsS^1haVe 

studies .  To  overcome  this,  two  malt  appCatSHan 'be 

instint ao?  collapse  'Ctf  CCiC  Reconditions  ^aCeCistCd  CChe 

The  second  approach. 

n,asseiCanMCCCC“"ft°fc^  ™f  s^.  1"  which  simulated  nock 
vide  very  useful  Information  onChe  ?uC!s«le  behaiiof0'/^^- 
Se™krlng  Pr°PertleS  °f  the  dlscontinuitlesCndChe*  intact  Cock 


11  -CC&CCoPCnCLT?^£?C?Ccratlon  of  in™c 

2‘  oLfm°CeLryjSCedCoCemLesfe°™atl0n  3tre"gth  behavi°r 
3-  tCgllS  Sps°r^i  ^0SPuCS|„tLL0lfCeCe1i”rCam 

orde?  UsSC5CbCete  rep°rted  ln  the  following  chapters  in  the 
specifically  ?o"CCCe  JE'H’ft0  prTme3  °f  lntac‘  ™ck  but 

CLrCtCIi-  -pe  t  o? •  thrCC^lClCr-eltLCClCo^  CfiC1 

recently  beet  sttdCd  it  a  ettCCIC6—6  failure  °f  n°ek  has  only 

of  failure  can  be  itdividSallf  CidCd”6^  such  ‘hat  the  mechanism 
that  tensile  solittini  C  ,  aLC  C  d'.  These  studles  have  shown 
peak  load  cCtSini  Sfatitv  t? Ctt  TC  f  fallure  controlling  the 
strength  of  rock Cettl?  C  nC  Re,ma-nial.  Studies  of  the  tensile 
Sile  strength°is  ttt  t  cttsttt?  Ct°C  results'  The  observed  ten- 
intrinsic  property  of  the  S?"as  CC  ’  th“ .  ^  °0nBWerea  a" 

with  spetiSf  tChCLSiCr?iCnSlme  C—  °f  rook  ln  SOTa  ^tail 
figuration. 
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criterion  is  usedEt0tdltermiSeUthe°complet1'1'f0e '  An  enerey  balance 

test  Brazilean  test  and  the  llnt  HlV configurations ,  the  beam 
son  with  the  predictions.  Two  int^insir  with  a°i»Pari- 

work  of  fracture  and  the  effective ^iaterlal  properties,  the 
being  useful  i„  the  unSerstlndW  o?  t^  ™fh  ara  s^ted  as 
situations.  ng  01  the  failure  of  rock  in  tensile 

jointed  models^  ^literatSre  sS?vey ^the1  ?ehavlor  of  bloc k 
and  previous  work  on  the  collapse  of  hinS  strenSth  of  joints 

tained  in  Appendicies  I  and  IIPresnecf iS^~JOioted  systems  is  con- 
perience  in  intact  rock,  the  mechanisms  oJy;^?0ntrary  t0  the  ex" 
tact  rock  and  joints  has  not  been  fu?h,  failure  of  composite  in- 
were  designed  to  observe  the  mechanisms  These  exP^iments 

block  jointed  model.  This  waq  u  f  failure  of  a  simulated 

triaxial  tests.  It  is  not  until  U  b°th  the  Unia*ial  test  and 
stood  that  failure  theories  h^  hp  Lfe?  aniSms  of  failure  are  under¬ 
loads  in  other  situations  Hnnpi-h  developed  to  predict  failure 

X1SV0r  J°iuted  materials  ?£e  ?e^v*  many /allure  theories  do 
the  observed  failure  mechanisms  L  J?  ance  of  these  theories  to 
tains  additional  work  that  was  cnmn?«?CIJSSed'  (APPendix  III  con_ 
istics  of  these  models.)  P  e  on  the  fatigue  character- 

regardlngtt?e5couSn'I;SecharacS?Iza?ionI1ofderal;le  an,ount  of  worl[ 

the  most  direct  practical  ai2ni?f«  ti  n  f  rock-  This  work  has 
reviews  the  signLLlice  0?  rhck  m^'defh"6  f?Ctlon  wSc 

from  the  aspect  of  size  of  uhe  measuring? ?tlon  determinations 
joint  spacings  and  number  of  tests  r*pn  f  instrument  relative  to 
measurements.  This  work  is  nlu  uired4.to  give  reliable  modulus 

journais  and  although  only  briefly  men tihhS^  in  readily  available 
major  contribution  of  this  research  effj£t?d  here>  is  considered  a 

ject  oftthhathi?d°yeSehf  th^®  research  efforts  was  to  be  the  sub 
and  summary  is  presented  in  the ^final°5hlpte?!y  3  brlef  OTerview 


( 

\ 
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CHAP1ER  2 

ME  INTRINSIC  properties  op  Hog;  .  ^  ^ 

Introduction 


ff H11CS  °f  3  nEt:er'lal  “* 

At  this  stage  man  is  far  from  orooerlv  neWlal  ^  ^  enSlneerinS  design, 
both  because  of  its  inherent  variabl  1 1  tv  Sf,r0G^  ^  9X1  engineering  material 
inability  to  forecast  the  beharior  ^  because  of  an 

Ihe  potential  benefits  from  a  detailed  undSSa^?6r  a„glven  loadlng  situation, 
enormous  both  in  improved  S  0f  rcck  behavior  are 

of  underground  openings  such  as  tunLlf  ®d  nlSSIxSvSo^”’''6'3  Stablllty 

aft,ge"erally  emPerlcal  in  nature, 

weakness  of  rock  in  tSSion  and  thTnS!1  background‘  Because  of  the  basic 
in  problems  concerning  rock  most^tferi?™^^6  °f  GOnpresslve  stress  fields 
theories,  with  such  nines  as  CoSlomb  Jfohr  Griffith2' bo,  cofIpressive  strengt 
being  associated  with  various  failure  McC1intock  ^d  Walsh 

or  semi-emperical  failure  theories  it  is  difflV  ^°waver>  vdth  these  emperical 
results  to  field  situations  nr.  iJn  0i-1S  to  extrapolate  laboratory 

been  explored.  The  possibility  nf  nth  reSS  GOndltions  which  have  not  previously 
intennediate  prlnolr^S^  such  33  stress  gradient, 

dllatancy  and  even  geometry  have  to  be  stud2dS^rSeSS^.tll,K’  temperature- 

al^bSf  StSn^hJZ^SSmh8""  Can|“e  orlteria  has 
assumes  failure  to  compressive  stress  criteria 

Detailed  observation  If  cSpresslre  around  a  pre-existing  crack. 

1968)  reveal  that  failure  i^  nnmni  fallure  01  ^ck  (see  for  example  WAWERSIK 
within  thl  reck  beflSX  coT5  ^  33  st™*“ral  changes  tSke  place 
region  coalescence fof  cracke^ST^6  ^  13  reached>  in  the  pest  peak 
reduction  of  S  loS  f  result  the 

Ihe  attempt  of  a  contlSlh^SSrtL?lon  of  ’  °T  near  to’  zeK>- 

However,  it  is  apparent  that  "ensile  °f, this  process  is  open  to  question, 

compressive  failure  of  rock.  "  P  ttins  ls  a  dominant  mechanism  in  the 

for  ^SsKr^to^tSile^^113?  t0  !*  m“0h  3^ler  than  that 
theories  of  maximum  t^sile  sSS  failure  of  rock  is  quite  complex.  Sirrple 
unsatisfacto“  ** ^  Str8SS  pr0duce  ***  P^adoxes  and  appear  to  be 


by  two  parajilters^ItheS^orkaoftf?actu?^eOftSegfcht0fir?Ck  be  characterized 
of  energy  per  unit  area  and  a  leno+h  K-t  °5  the  material ,  which  has  dimensions 
length".  Bothtoesfl^ere  Sfbe  S®  t?raf  “  "e™^ive  crack 

many  of  the  observed  parses  in^he  e^  S17  ^d  help  .to  explain 

two  properties  have  fShf!  f1  the  conventional  stress  criterion.  These 

in  °f  *  body  -slrectu 

analysis  to  conpressive  failure  or  ™  pre^ented  as  to  the  relevance  of  this 

-  presented  5  support^^ 
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brittle  rock  for  the  beam  test,  Brazilian  test  and  the  ring  test. 

THE  THEORY  OP  ROCK  FAILURE 
The  Failure  Mechanisms  in  Rock 

The  tem  "rock"  encompasses  a  great  variety  of  solids  which  on  the 
macroscopic  scale  can  be  considered  to  possess  some  cohesion.  In  general 
rock  is  not  a  continuum  as  it  contains  voids  in  the  form  of  pore  space  or 
elongated  cavities  induced  by  the  rocks  past  (unknown)  thermal  and  mechanical 
history.  Rock,  in  most  instances,  is  an  aggregate  of  more  than  one  mineral 
type  3  these  minerals  ore  often  distinguishable  to  the  naked  eye  as  individual 
crystals  and  may  be  .'arranged  such  that  the  rock  is  anisotropic.  From  such 
a  brief  description  of  the  nature  of  rock  it  is  not  surprising  to  find  that 
the  complete  understanding  of  the  failure  process  in  rock  is  not  yet  fully 
understood. 

Discussion  and  analysis  of  materials  must  start  from  simplified  ideal 
materials  with  eventual  incorporation  of  peculiarities  inherent  in  the 
particular  material  of  interest.  One  assumption  often  made  is  that  the  ideal 
material  is  isotropic,  homogeneous  and  to  have  no  memory.  For  this  type  of 
material  two  fundamental  mechanisms  of  failure  can  be  discussed  based  upon 
the  possible  motion  of  atoms  and  molecules .  They  are  generally  referred  to 
as  shear  and  cleavage.  Shear  is  associated  with  a  row  of  molecules  or  atoms 
translating  relative  to  its  neighboring  atoms  as  shown  in  Fig.  2.1a.  Tills 
is  traditionally  the  dominant  mechanism  in  plastic  or  ductile  behavior  of 
metals  such  as  mild  steel.  The  other  fundamental  mechanism,  cleavage,  is 
characterized  by  separation  of  the  atoms  or  molecules  to  such  a  distance  that 
no  interatomic  forces  act  to  reunite  the  atoms.  Fig.  2.1b.  All  other  mechanisms 
observable  in  failure  such  as  grinding  and  curshing  of  material  can  be  reduced  to 
an  interaction  of  these  two  mechanisms.  However,  the  integration  of  these  two 
fundamental  mechanisms  to  give  a  useful  overall  macroscopic  behavior  of  the 
material  is  possible  only  in  a  few  materials  and  then  over  only  a  very  limited 
range  of  deformation. 

The  reduction  of  observed  phenomena  to  the  two  fundamental  mechanisms  out¬ 
lined  above  presents  soma  difficulty  and  has  necessitated  the  phenomenological 
description  of  other  observed  modes  of  deformation.  Friction  is  a  good  example  of 
this.  Fundamentally,  friction  is  due  to  either  the  shearing  of  welded  points  of  two 
surfaces  in  contact  as  in  a  metal,  brittle  cracking  of  asperities  as  in  some  rocks, 
or  ’ploughing*  which  involves  chip  formation  in  brittle  materials  or  plastic  flow 
in  ductile  materials.  A  detailed  description  of  each  contact  area  of  the  sliding 
surface  is  impractical  so  the  observed  phenomena  is  described  in  terms  of  the  over¬ 
all  response  of  the  surface;  the  coefficient  of  friction  for  metals,  or  coefficient 
of  friction  and  the  cohesion  for  rock.  Slip  of  two  surfaces  relative  to  each  other 
and  the  associated  factors,  friction  and  cohesion  are  very  important  in  rock, 
both  on  the  microscopic  scale  and  the  macroscopic  scale,  (see  for  example,  JAEGER 
and  COOK  1969  and  Appendix  I  of  this  report)  but  is  fundamentally  different  from 
shear  dislocation  as  described  earlier.  In  a  shear  dislocation  within  a  crystal 
the  tensile  strength  perpendicular  to  the  dislocation  is  not  changed  relative  to 
the  ideal  material  whereas  when  slip  takes  place  with  the  associated  frictional 
resistance  between  two  surfaces,  the  normal  tensile  strength  is  very  low  to  zero. 
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A  non-linear  response  of  strain  to  an  applied  stress  can  result  from  either 
of  the  two  fundamental  mechanisms.  In  ductile  material  the  onset  of  non-linear 
behaviour  is  characterized  by  the  development  of  Leuder's  Lines,  these  lines  re¬ 
presenting  thin  planes  on  which  dislocation  movement  taxes  place.  In  extremely 
brittle  materials  such  as  glass  the  non-linear  response  is  due  to  c]eavage  or 
crack  growth.  Methods  of  analysis  have  developed  separately  for  the  two  funda¬ 
mental  mechanisms;  shear  movenent  is  generally  studied  from  the  theory  of  dis¬ 
locations,  while  analysis  of  cleavage  and  crack  growth  has  its  origins  in  the 
energy  balance  method  introduced  by  GRIFFITH  (1921). 

For  most  rocks  studies  under  low  confining  pressures  and  at  low  tenperatures 
very  little  evidence  of  dislocation  growth  has  been  found.  At  high  confining 
pressures  and.  at  high  tenperatures  dislocation  inovement,  or  twinning  and  gliding 
o  crystals,  is  observed  (RALEIGH  1965).  Most  rock  which  are  encountered  in 
engineering  practice  are  found  in  relatively  low  stress  state  and  at  low  tempera 
ures.  Under  these  conditions  most  rocks  fail  in  a  brittle  manner  (this  being 
defined  as  failure  due  predominantly  to  crack  growth  and  coalescence  of  cracks . ) 

Considerable  attention  has  been  focused  on  the  Griffith  Criterion  and  its 
application  to  rack  in  the  past  decade,  with  the  orginal  theory  being  modified  to 
accost  for  closing  of  cracks  under  compressive  stress  field,  the  pore  fluid 
pressures  present  in  the  cracks,  and  the  three  dimensional  aspect  of  cracks. 

Hera  we  attenpt  to  highlight  the  important  aspects  of  the  Griffith  Theorv  as 
it  is  applied  to  rack. 


Rock  as  a  Griffith  Material  in  Tension 

Griffith's  fundamental  and  extremely  important  contributions  to  material 
science  was  to  recognize  that  in  extending  a  crack  energy  is  abosrbed,  or  lost, 
to  the  material.  Ihis  energy  was  likened  by  Griffith  to  the  surface  energy  of 
a  an<^  hence  termed  'surface  energy'.  Using  this  energy  in  the  analysis  of 

eliptical  cracks  Griffith  determined  the  stress  in  a  uniaxial  or  biaxial  tension 
a  Plate  containing  an  elliptical  flaw  would  extend  unstably.  Griffith 
originally  applied  this  analysis  to  glass  where  there  appears  to  be  good  agreement 
between  theory  and  practice  (e.g.  flawless  glass  has  been  produced  having  a 
^rength  near  the  theoretically  obtainable  strength  of  approximately  E/10).  The 
hypothesis  by  Griffith  that  materials  contained  flaws,  which  he  characterized  as 
elliptical  cavities,  was  at  the  time  a  bold  and  new  approach  to  material  science 
particularly  when  the  original  hypothesis  was  applied  to  glass,  an  apparently 
homogeneous,  isotropic  material.  For  rack  this  hypothesis  becomes  much  less  daring 
as  it  Is  obvious  that  most  racks  contain  flaws  and  imperfections  from  an  ideal  homo¬ 
geneous  and  isotropic  body. 

In  study  of  the  energy  absorbed  by  crack  growth  in  metals  it  was  realized  that 

than  that  ^Tulred  to  separate  a  plane  of  atoms. 
OROWAN  (1952)  and  IFWIN(19^8)  recogiized  that  although  this  energy  was  absorbed  by 
plastic  movement  near  the  crack  tip  the  original  Griffith  energy  balance  method  was 
a?pll,Gai)ie/f  surface  energy  term  in  the  Griffith  expressions  was  replaced 
y  the  work  of  fracture  ,  this  being  the  total  energy  absorbed  by  the  material  for 
a  crack  to  grow  a  unit  of  area,  thus  including  the  plastic  work  and  the  surface 
energy.  The  plastic  work  is  abosrbed  by  the  material  in  the  formation  of  shear  dis¬ 
locations  near  the  crack  tip.  [it  has  been  suggested  see  COTIERELL  (1963),  that  ever 
in  glass  some  dislocation  movements  take  place  at  the  tip  of  an  advancing  crack.] 


i ) 


anfLysf^  °f  crack  tip  stress  fields  by  BAREN3LATT  (1959-1962)  and 
S  it  es  e^Sfli  tSiZed  m(;d6lS  f°r  the  Plast1^  yleld  at  the  crack  tip 

Rock,  being  in  general  an  assemblage  of  crystals  and  discontinuities  -mna 
not  be  expected  to  satisfy  the  implications  inherent  in  GriffSh-s  SSin^l 
theory.  However,  the  principles  proposed  by  Griff- ^h  have  bepn  shown  h 
useful  guide  in  understanding  rock  behavior!  SerimenSl  obser^Sn  of  the 
surface  energy  or  the  work  of  fracture  in  rock  reveals  fLVif  n  1  th® 

of  magnitude  higher  than  that  observed  in  pure  ^Ss  S  the  sLT™f  ^ 

2  due  <See  f0r  PERKD,S  and  “E®  I960-  IMS  has  been  coined 


a) 

b) 

c) 

d) 


plastic  deformations 

inaccurate  estimates  of  the  true  surface  area  created 
release  of  residual  stresses  within  the  rock  (FRIEDMAN  et  al  1972) 
microcracking  near  the  crack  tip (HOAGLAND  et  al  1972) 


Se^en™  ^“ooatLn^S  S  by"5“ 

factor 

but  tUs rnSn^^0153131  WOI,,tS  0f  fractuns  and  that  of  rock, 
for  a  slimiflrant  h.lt  hh  '  ,  "  appears  that  both  c)  and  d)  can  account 
a  significant  portion  of  the  absorbed  energy  along  with  enerev  absorhed  hv 

sethce™f  rs  sr 

^VthTo^ 

sTSeSn^^s^rrs  rSeT-  -  - 

in  cr^k^wtlf S°reikglCSly  leadsKto  consIdering  two  distinct  size  domains 
in  cracx  growth  in  rock.  Ihese  can  be  conveniently  referred  to  as  the  mi  nm 

SLe  s  ? 


ry  =  Ey/2Hdys‘ 


...(1) 


~2£-? sag,. 

rock  r,.r  r  “sed  for  peo*13  as  ah  Index  number  to  conpare  different 

len^s  s*ss  32s  ssfissrsfberr  “ effeotive  crack 
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of  crystals  ^  different  f  Crack  pf h  ls  a  ^idt  of  the  interaction 

i  crystals  of  different  minerals,  pore  volume  and  pre-existing  cracks  if 

this  volume  were  considered  as  a  linear  isotropic  homogeneouTfonti™  IL 

TW  be  at  the  crack  <*>•  but  “e  “SomSge^ 

ieties  of  the  rock  structure  and  the  variation  of  local  surface  energies  slip 
can  occur  across  pre-existing  weaknesses,  micro-cracks  can  extend  awav  from  the 
major  crack  tip,  and  bridges  of  material  between  pores  can  fail.  All  the-e 
mechanisms  absorb  energy,  contributing  to  the  -  cLcop^Vork  of^acS« . 

___  •  5?  the  macroscopic  domain  the  crack  path  is  determined  by  large  scale 
^  properties,  anisotrcpy  of  the  Sal  , 
rail  stress  field.  The  detailed  mechanisms  occurring  at  the  crack  tin  need 
no  e  considered  as  these  determine  the  crack  path  variability  and  in  general 

Sessa^TfS  crack"  °f  fraoture  ProPu«y.  Tb  detente  the  conditions 

necessary  lo„  crack  growth  the  energy  equilibrium  method  has  been  suggested 

LU  p^sentefon^th?  USSfUlIes%of'  *  the  mac^  scalf Sehslor 

s  presented  on  two  other  concepts  often  used  in  tensile  testing  literature- 

the  tensile  strength,  and  the  critical  stress  intensity  method. 


Maximum  Tensile  Stress  as  a  Strength  Criterion 


tensile  strength  of  brittle  materials  is  not  often  referred  to  as  a 
mateiial  property  since  the  realization  by  GRIFFITH  (1921)  of  the  dependence  of 
s  rength  of  a  brittle  material  on  the  maximum  flaw  size  within  the  material 

rHffit-h  anersy  balance  analysis  of  a  plate  containing  an  elliptical  flaw 
Griffith  found  the  observed  tensile  strength  a  to  be  P 

g 


where 


a  =(2Eo/tiCo)1//2 

O 

E  =  Modulus  of  Elasticity 
a  =  Surface  Energy 

Co  =  Initial  flaw  length  or  crack  length 


...(2) 


Griffith  also  determined  that  the  stress  at  the  crack  tip,  a  ,  to  be 

at  =  2a  J Co/p) 1/2 


...(3) 


where 


P  =  Radius  of  the  crack  tip. 


Hie  crack  tip  stress,  a,,  was  later  assumed  by  GRIFFITH  (1924)  to  be  a  material 
property,  but  the  obvious  question  arose  of  hL  to  define ihe  crack  tip^ato  0 

2  fveTdeSned'0-"6^  Phe  CraGk  tlp  radlus  111  ™k  without  teco2g  SvePc 

the  craok  tin?ll  d  aescription  of  the  ndcro  cracking  and  material  variations  at 

"tensllTISnSh^c  meckaMcs4majly  attempts  have  been  rrade  to  reasure  the 
different  Th5  r°CkS’  prlmapll:/  33  3X1  lndex  P^P^rty  to  aid  in  comparing 

Saws^r  cracts  'wiSSn that  there  ±S  a  ^  ^t^tiSE  0 
strength  o? the  Sck^  SLFSeft  the  largest  flaw  would  control  the  tensile 

,  .  r°cK.  inis  effect  could  explain  an  apparent  size  effect  a*'  i-ha 

FortallTtensl^eetests;LthreaSfd,  ^  hence  th®  strength  would  decrease  with  size^ 
tor  an  tensile  tests  there  is  a  large  variability  from  test  to  test,  but  it  was 
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ooon  found  that  the  mean  strength  of  a  group  of  tests  of  the  same  geometry  and  test 
conditions  is  not  consistent  from  groups  of  different  test  geometries.  Typical 
test  geometries  include  the  direct  tension  test,  the  beam  test  and  the  diametral 
conpression  of  discs  or  rings  commonly  known  as  the  "Brazilian  test".  In  each 
of  these  tests  different  stress  gradients  exist  and  differing  volumes  of  rock  are 
subject  to  tensile  stresses,  so  these  effects  should  be  considered  in  comparing 
the  tests.  Attenpts  have  been  made  to  consider  these  effects  and  the  statistical 
distribution  of  cracks  in  applying  WEIBULL's  (1939)  statistical  theory  of  failure 
to  these  different  tests.  These  methods  are  summarized  by  JAEGER  and  COOK  (1969) 

^d  5?®  considered  1x1  detail  by  HUDSON  (1971).  As  is  often  found,  (see  FREUDENTHAL 
(1966/ ),  in  applying  statistical  theories  to  failure,  the  problem  of  determining 
material  properties  degenerates  to  curve  fitting  exercises  with  very  little  physical 
insight  to  the  mechanisms  involved.  HUDSON  (1971)  found  that,  even  using  statistical 
theories  based  upon  the  probability  of  there  being  a  crack  at  critical  dimensions 
within  the  stresses  volume  the  'material  constants'  defined  by  Weibull  varied  with 
different  test  geometries  and  different  sizes.  Hawever,  this  theory  is  a  useful 
start  in  understanding  the  variations  in  tensile  strength,  but  it  appears  that 
further  understanding  of  the  failure  process  is  required  to  fully  explain  tensile 
failure  of  rock. 

The  Stress  Intensity  Criterion  of  Strength 

The  Stress  Intensity  Factor  approach  to  tensile  failure  of  materials  has  its 
origin  in  the  representation  of  the  crack  in  an  otherwise  continuous  material. 
WESTERGAARL  (1939)  characterized  a  crack  as  a  planar  discontinuity  at  zero  thick¬ 
ness.  For  tills  type  of  crack  the  crack  tip  radius  is  zero,  and  hence,  the  stresses 
are  infinite.  No  material  can  physically  withstand  infinite  stresses  and,  in  reality, 
they  do  not  exist.  The  predicted  infinite  stresses  are  a  result  of  the  mathematical 
analysis  based  upon  certain  assumtions  both  in  the  constitutive  equations,  linearly 
and  the  formulation  of  compatibility,  infinitesimal  strain.  However,  is  is  obvious 
that  the  constitutive  relationship  and  the  geometric  characterization  of  the  material 
near  the  crack  tip  is  more  crude  than  the  general  analytical  assumption  of  infinite¬ 
simal  strain.  To  overcome  these  problems  while  still  being  able  to  utilize  existing 
mathematical  expertise  IRWIN  (1957)  introduced  the  concept  of  the  stress  intensity 
factor. 

The  Stress  Intensity  Factor  is  defined  and  illustrated  with  reference  to  Fig. 

2.2.  This  is  defined  for  a  slit  type  crack  where  the  tensile  stress  is  singular 
but  because  the  stress  intensity  factor  is  the  limit  of  0  Jr  as  r  approaches  zero 
its  value  is  finite  and  dependent  upon  the  far  field  stresses  or  forces.  Figure 
2.2  shows  the  stress  intensity  factor  for  cleavage  opening  of  the  crack,  correspond¬ 
ing  stress  intensity  factors  are  defined  for  longitudinal  and  transverse  shear 
deformation,  (see  PARIS  and  SIH  1965). 

The  critical  Stress  Intensity  Factor  Is  the  value  of  the  Stress  Intensity 
Factor  at  initiation  of  unstable  crack  growth  and  was  originally  proposed  by 
Irwin  to  be  the  material  property  controlling  crack  growth.  Subsequent  experi¬ 
mental  work  has  shown  the  critical  Stress  Intensity  Factor  to  be  effected  by  size 
and  shape  of  the  test  specimen  (see  for  example  BROWN  and  SRAWLEY  1965)  but  most 
of  these  effects  can  be  explained  In  terms  of  the  plastic  deformations  occurring 
at  the  tip  of  the  crack. 
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deformations  with  y  '  957 '  Por  bbe  case  of  opening  mode 
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Kj  =  Ey  for  plane  stress 
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Kj  =  Ey/(l-v  )  for  plane  stress 
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fhls  equivalence  Is  based  upon  the  assurmt-inn  t-hof  4-u 

plane  of  the  crack.  For  more  cn-mipy  °n  the  crack  will  extend  In  the 

crack  path  the  equivalence  of  the^en^rov  2iP&thS  12VOlvlng  GUPVature  of  the 

is  difficult  to  establish  and  the  JnteSction^he^  S^SS  ^naity  "®thod 
not  fully  established.  ction  the  various  reformation  modes  is 

This  simplified  characterization  of  the  crack  a-?  a  c-m-  nf  „  ... 

allows  for  greater  use  of  erlqHn,r  r>,~+-u  „  iCK>  33  a  sHb  zero  thlciuiess 
volving  cracks  under  variouf’load^iff  Cal  expertlse  to  solve  problems  in- 

PARIS  and  SIR  (1965)  SwraS  SSm  (SSs’fSSSJ?*  todles- 

available  solutions.  With  bodies  nf  U9?9'  present  S00'1  reviews  of 

ar-e  often  conplex  and  applicable  for  onlv  a  ^1G;aslons  tha  analytical  techniques 
Numerical  techniques  of?en  Sve  to  be  Sh  ^  ^  Pa?je  of  crack  lengths. 

integral  equations.  d  to  Solve  the  Gomplex  differential  and 

mine  the^^s^SiS^t^^o^crac^loa^Sd?  haS  been  ^  to  deter~ 
and  WEBER  (1971)  have  used  con?Stl?Ll  e^S  ?* ^  ^  et  al  (1970) 

an  the  crack  tlp>  whlle  ^dgri^^BYSKof^?  uhe  stref 

a  hybrid  and  special  cracked  0i0M^n  dna  U970)  have  used 

elements  required  at  the  crack  tin  !h  respectlv®ly  to  overcome  the  high  density  of 
et  al  (1971),  HARDY  (1971)  and  HA^^igSrS^0^1'  ale™®nts  ^  ^ed.  PERSON 
utllj  zing  conventional  finite  elements  in  found  alternative  methods  of 

energy  changes  in  a  body  for  different  era  Sc  le^h^  °S  by  conslderlnS  the 

^  nnite  Element  Analysis  of  Cracked  Structures 

no  further  discussiolTwllfbe  presente^heL^6^  tod^V161^  °f  engineerlriS  so 
tions  or  internal  body  forces  is  divid^S*  A  mder  extcrnal  surface  trac- 

rectangular  elements  Se  SsplaSSnts  S  thf  of  or 

determined  by  inversion  of  the  clnhai  citMefv,  n&<A  Points  of  the  elements  are 
the  individual  stiffhess  matrix  of  l^^ess  matrix  [K],  which  is  made  up  from 

load  vector.  All  leal  °  d  fo  eJfi£nt  the  "^iplication  by  the 

energy  o*  the  body  can  be  foSnd  directirfr^^I^d^i110^  polnts*  strain 

the  stillness  matrix.  In  rnt  Action  SSV tJ^3p: lacement  distribution  and 

iiwuxa  notation  this  can  be  represented  as 


U  =  61  [K]  6 


...(5) 


for  the  nodes  in°the  hodjA  Cntrp:y  of  the  lody  and  6  is  the  displacement  vector 

bound  solution?^SetSuracySofat!^n-obItiCalCUlat^d  in  this  mamer  is  a  lower 
element  size  in  regions  of  h^  st^s^nt^hS  SEES  SSSS^ 


blems  this  implies  small  elements  at  the  crack  tip. 


In  studies  of  crack  growth  using  the  finite  element  method  U  the  strain 
energy  is  calculated  for  two  bodies,  are  with  crack  length  1,  the  other  with 
crack  length  1+dl,  dl  represents  a  small  change  in  the  crack  length  resulting 
in  an  increase  of  crack  area  AA.  The  strain  energy  release  rate  y  is  then 


Y  =  —  = 

Y  dA  ' 


U+-U 

AA 


...(6) 


where  U.  strain  energy  of  body  with  crack  length  1 

U  strain  energy  of  body  with  crack  length  1+dl 


If  F  represents  the  external  forces  on  the  body,  then  the  crack  will  extend 
from  1  to  1+dl  when  the  strain  energy  release  rate  equals  or  exceeds  the  critical 
strain  energy  release  rate  y  ,  or  "the  work  of  fracture".  This  is  a  restatement 
of  the  original  Griffith  criterion,  that  fracture  will  occur  when  all  the  energy 
available  from  the  change  in  strain  energy  is  absorbed  by  forming  the  new  crack 
length.  The  strain  energy  can  oe  represented  in  terms  of  the  external  forces,  if 
no  body  forces  are  acting, 

U  =  ...(7) 

2M 

where  M  is  the  modulus  for  the  particular  body  being  studied,  then  by  substitution 
into  equation  6  and  replacing  y  by  y  ,  the  work  of  fracture,  we  find  the  force  Fi 
required  to  cause  crack  extension  c 

pc“  (zVMr  s))1/2  •••<8) 


This  method  is  similar  to  that  suggested  by  IRWIN  and  KIES  (1952)  as  the  'com¬ 
pliance  method'.  Previously,  the  compliance  (~)  was  determined  experimentally 
for  bodies  of  different  crack  lengths  and  then  'differentiated  to  find  the  change 
in  compliance  with  crack  length  for  substitution  into  the  equation 
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...(9) 


which  is  in  effect  the  same  as  equation  8. 


For  many  situations  the  variation  of  the  compliance  with  crack  length  is  so 
low  that  large  errors  can  result  frcm  the  experimental  method.  With  the  F.E.M. 
tills  is  not  a  problem  as  the  strain  energy  can  be  determined  to  many  significant 
figures,  and  hence  the  modulus. 


The  Stress  Intensity  Factor  can  also  be  determined  from  equation  8  using  the 
relationship  expressed  earlier  between  Kj  and  y  in  equation  4,  if  simple  crack 
opening  displacement  is  the  only  mode  or  crack  displacement 


Kz  =  (Ey) 


1/2 


Kj  =  (E 


UX-U 
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)) 
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.(10) 


Similarly,  the  crack  will  extend  when  K^c  the  critical  Stress  Intensity  Factor 
is  exceeded. 
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AwnT?nS?T  Thw?L?wrTlllg  KI  for  comPlex  geometries  has  been  shown  by 
ANDERSON  et  al  (1971)  to  be  more  economical  than  attesting  to  determine  KT  from 

either  the  stresses  near  the  crack  tip  or  the  displacement  of  the  crack  suffaces. 

In  many  rock  mechanic  situations,  the  experimental  output  is  a  force  versus 
displacement  response  of  the  structure  or  a  test  specimen  indicating  the  failure 
locus  of  the  failing  specimen.  If  the  test  specimen  is  one  for  which  failure  is 
due  to  the  extension  of  a  crack,  the  predicted  forece-displacement  response  can 
be  constructed  using  the  theory  outlined  above.  Equation  8  can  be  used  to  in¬ 
crementally  construct  the  force  displacement  response;  the  force  P  at  initiation 
of  crack  extension  is  found  for  a  particular  crack  length,  then  tbS  displacement 
<5  at  the  crack  length  is  determined  from 


c 


...(11) 


On  a  typical  force-displacemetn  specimen  response  the  energy  balance  criterion 
can  easily  be  visualized.  Figure  °.3a,  b,  c  show  a  typical  test,  the  modulus  as 
a  function  of  crack  length  and  the  predicted  force  versus  displacement  structural 
response.  The  slope  of  line  OB  represents  the  modulus  of  the  structure  when  the 
crack  length  is  C  +  6C.  If  the  loading  system  were  such  that  controlled  failure  of 
the  structure  can  be  achieved,  then  the  shaded  area  OBC  represents  the  energy  that 
is  absorbed  by  the  structure  as  the  crack  length  extends  from  C  to  6 C.  Fig  2.  ha 
and  b  diagramaticaliy  demonstrate  the  derivation  of  equation  8,  fig.  2. ha,  for  a 

K!t?1  S?d  2^b  f°r  a  'stiff'  l0RdlnS  system-  As  the  end  result  is 
independent  o.  the  loading  system  this  tends  to  suggest  that  this  criterion  is 
independent  of  the  loading  characteristics.  This  can  be  formally  proved  in  many 
ways,  for  a  simple  structure  with  one  applied  force  PARIS  and  SIH  (1965)  gives  an 
elegant  proof  of  this  independence  and  BUEKNER  (1958)  has  formally  proved  that 
this  criterion  is  independent  of  the  stiffness  of  the  loading  system  for  an  arbitr¬ 
arily  loaded  structure. 

Analysis  of  Structures  Containing  Multiple  Cracks  and/or  Curved  Cracks 

In  many  rock  mechanic  problems  curved  t  neks  are  developed  and  many  cracks  mav 
propagate;  chip  formation  in  "cutting"  brittle  rock  is  a  result  of  a  curved  crack 
initiating  near  the  cutter  and  progressing  to  a  free  face .  (HARDY  and  FAIRHUR3T 
T97;*//  ^ hiastlng  where  gas  pressures  are  considered  by  some  to  be  most  important 
in  the  ultimate  shape  of  the  crater  (see  PORTER  1971)  many  cracks  have  the  option 
of  extending.  Analytical  methods  of  predicting  crack  trajectories  are  in  general 
ba^fd,  ^pon  stress  conditions  of  the  uncracked  state  and  as  such  are  not  particularly 
reliable.  In  problems  of  fragjnentation  either  by  mechanical  or  thermal  means 
understanding  of  crack  initiation  criterion  and  direction  of  propagation  are  fund¬ 
amental  to  improved  research  and  ultimately  design. 

The  above  energy  balance  method  of  crack  extension  can  be  applied  to  the  pro¬ 
blem  of  crack  direction  and  multiple  crack  growth  irrespective  of  the  means  of 
inducing  the  Internal  stresses,  thermal  or  mechanically .  [However,  at  this  stage 
the  method  that  will  be  out.1  ined  is  considered  expensive .  ] 

To  investigate  the  most  probable  crack  path  through  a  loaded  structure  al¬ 
ternative  crack  paths  must  be  considered  and  as  the  crack  path  that  maximizes 
the  energy  release  will  fonn  at  lower  external  loads  than  other  oraoTsSrtlons 
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then  this  crack  direction  will  be  most  probable .  For  example ,  consider 
figure  2.5(a)  which  represents  a  ledged  rock  about  to  be  chipped  off  by 
the  action  of  the  forces  F.  Three  or  four  probable  crack  direction  in¬ 
crements  are  selected  and  analysed  with  the  function  v1  —  v,  the  energy 
release,  plotted  as  a  function  at  crack  direction,  figure  2.5(b).  The 
direction  which  maximizes  the  energy  release  can  be  determined.  a 
curve  fitting  fracture,  and  from  equation  8  the  force,  F,  required  to 
stabaly  propogate  that  section  of  the  crack  can  be  determined.  At  each 
step  in  the  crack  growth  sequence  several  possible  crack  paths  are 
again  considered  to  determine  the  most  probable  crack  path.  In  tills 
fashion  a  curved  crack  path  can  be  developed.  At  each  step  of  this 
analysis  a  new  (a  modified)  finite  element  mesh  has  to  be  prepared, 
and  for  each  increment  of  crack  growth  several  finite  element  solu¬ 
tions  have  to  be  considered,  thus  this  method  is  relatively  expensive. 

When  there  is  a  possibility  of  two  or  more  cracks  growing,  a  similar  procedure 
is  adopted,  trial  and  observation.  If,  in  a  given  structure,  we  have  two  cracks 
C1  311(1  C2’  the  strain  energy,  U,  is  determined  for  the  body  with  crack  lengths  C 
afid  C  and  the  imposed  boundary  conditions .  IL  is  then  determined  for  a  body  1 
with  crack  lengths  C,  +  6C  and  CL  and  then  U„  Is  determined  for  a  body  with  crack 
lengths  C,  and  C„  +  tC.  If  IL-U  is  greater  than  U,-U,  then  C0  will  extend  at  a 
r  rer  applied  load  than  CL  and  visa  versa.  An  application  of^this  will  be  dis¬ 
cussed  in  a  later  section  in  the  investigation  of  the  ring  test.  For  certain  in¬ 
ternal  to  external  diameter  ratios  there  exists  the  possibility  of  a  crack  growing 
from  the  inside  diameter'  to  the  outside  diameter,  as  for  a  crack  to  grow  from  the 

outside  diameter  to  the  inside  diameter,  this  is  shown  diagramatically  in  figure 

2  •  • 


THE  FINITE  ELEMENT  ANALYSIS  OF  SPECIFIC  TEST  GEOMETRIES. 
Analytical  Predictions 


In  this  study  ..the  gr  ih  of  cracks  in  five  common  laboratory  tests  were 
analyzed.  These  were: 


Beam  Test 

Direct  Tension  Test 
Brazilian  Test 
Ring  Test 

Hydraulic  Fracturing  Test 

These  tests  were  chosen  as  they  represent  the  most  common  methods  of  determining 
the  tensile  strength.  & 


The  beam  test  has  been  analyzed  more  Intensively  than  the  other  tests  and  this 
work  has  been  reported  in  a  paper  entitled  THE  FAILURE  OF  ROCK  BEAMS.  PARI’  I 
THEORETICAL  STUDIES  by  M.P.  Hardy,  J.A.  Hudson  and  C.  Fairhurst  which  will  appear 
in  the  January  edition  of  the  International  Journal  of  Rock  Mechanics  and  Mining 
Science  of  1973-  Part  II  of  this  paper  reports  the  Experimental  Studies  which  will 
be  mentioned  later  in  this  report. 

Figure  2.6  shows  a  summary  of  the  shapes  used  to  study  these  five  tests  with  a 
summary  of  the  number  of  elements  and  the  number  of  modal  points  in  each  finite 
element  mesh.  The  crack  is  modeled  in  these  studies  as  a  slit,  and  can  easily  be 
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varied  in  length  by  changing  the  boundary  conditions  along  the  vertical  axis 
of  symmetry  In  each  case.  This  is  acceptable  in  these  cafes  as  toif  S  S 
line  along  which  fracture  is  likely  to  occur  if  the  material  being  studied  is 
homogeneous  and  isotropic.  b  uuaiea  ls 

shown^in  Hh f  £raCk  lengths  amlyzed  for  each  structure  is 

o.vn  in  Fig.  2.6.  Sufficient  crack  lengths  were  taken  to  get  a  realistic 

leSth  Attenti^aff"1  °f  f rai?,  ener^  ^d  m°dulus  as  a  functional  crack 

tSf  ?:  the  11111:181  craek  len^hs  as  m  most  cases 

tnis  s  where  the  change  ins.  lin  energy  is  smallest,  and  the  region  of 

will  Sntreftho  ^/allUrT  °  '  the  structare  because  the  initia/crack  length 
will  control  the  load  carrying  capacity  of  the  structure.  6 

2,7  Sh0Wn  ^  m°re  detail  the  finlte  element  mesh  for  each  test 
These  meshes  were  selected  such  that  the  mesh  near  the  tip  of  the  crack  would 

,L  ^en?nK°Lthe  CraGk  len^h-  5Mb  minimizes  the  effect  o?  toe  mesh  ^ 
the  estimate  of  the  strain  energy  of  the  system,  and  as  the  Sf?ereSce  between 
the  strain  energy  of  each  structure  with  increasing  crack  length  is  used  in 

toe  Sct^uSd^fSiSS.51^  enerw  %  ~-f 

versus  crack  length  and  the  force  versus  displacement.  Ss  laSr  cSve  is 
the  conventional  experimental  output.  For  the  hydraulic  fracturing  test  wh-tnh 

the°Suffr  re  °f  5~«“»  *****  ‘o  t“  a^forSidf  Hk 

«SS  £S5"S SS-ss 
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then  the  modulus  is  defined  as  before 


M  =  ?=P- 

6  AV 


...(11) 


•  (12) 


vertical  fbrce^such^h  dlsplafrnent  ls  generally  represented  as  the 

fho  l0rc  ?  sy  h  that  the  a^a  ander  the  force-displacement  curve  reflect* 
?n  ®terTial  straln  energy.  However,  any  displacementbetween  two  poiJt*  with 

it plotted  versus  force’  «•  may  be  required  to  coLSf 
e  exact  experimental  output  with  the  predicted  curve  For  exaimle  nrtpn 
transverse  displacement  relative  to  the  crack  pathos  reafSed^f  a  rerS 

expeTnental  Procedure.  Several  such  transverse  or  generally 
horizontal  displacements  are  shown  in  Figures  2  8  to  ?  ip  tho-  otov-,  ^ 
the  pressure  versus  internal  dieter  SfS  ^toflic 


aO 


BERRY  (i960)  has  constructed  a  stress-strain  locus  for  a  plate  under  uni¬ 
axial  tension  containing  a  crack  from  Griffith's  analysis.  This  assumes  the 
plate  is  infinite,  but  the  similarity  between  the  results  of  Berry's  curve  on 
Fig.  2,9c  can  be  seen.  Direct  application  of  Griffith's  results  (with  a  as 
the  assumed  tensile  strength)  to  each  of  these  tests  would  predict  that  gthe 
applied  force,  F,  to  initiate  crack  growth  would  be  inversely  proportional  to 
the  square  root  of  the  crack  length.  This  can  easily  be  seen  from  the  direct 
tension  test  where 


°g  A  • • -(13) 

where  A  is  the  total  cross-sectional  area  of  the  test  piece,  but  in  general  for 
the  other  tests  A  will  be  a  function  of  the  geometry  of  the  test,  then  by  sub¬ 
stitution  for  ag  from  equation  2 

F  =  (2Ey/ttCo)1/2A  '  ...(14) 

=k/CQ1/2  ...(15) 


k  will  be  different  for  each  test  reflecting  the  factor  A.  Using  the  value  of 
the  force  at  crack  length  of  0.1  inches  to  calculate  the  constant  of  proportion¬ 
ality,  k,  in  equation  15  for  each  of  the  test  geometries  studied  the  expected 
force  at  a  crack  length  of  (C  =)  0.2  inches  was  calculated.  These  results  are 
shown  in  Table  I  along  with  forces  predicted  from  the  energy  balance  method  for 
a  crack  length  of  0.2  inches.  Notice  that  for  the  direct  tensile  test  the  agree¬ 
ment  is  excellent  as  would  be  expected  because  this  test  is  closest  to  the 
original  Griffith  analysis .  The  agreement  is  good  for  the  beam  test  and  acceptable 
for  the  Brazilian  test,  but  for  the  ring  test  the  agreement  is  very  poor.  This 
illustrates  the  possible  error  of  using  the  Griffith  value  of  tensile  strength 
rather  than  the  original  energy  balance  basis  of  a  failure. 


Direct 

Tension 

!  Beam 
Test 

Brazilian 

Test 

Ring 

Test 

Hydraulic 

Fracturing 

load  at 

crack  length=.l" 

2810 

1212 

19,497 

4,200 

6,200 

load  at 

crack  length=.2" 

1970 

854 

12,772 

4,200 

4,300 

.load  at 

crack  length3. 2" 
if  F  =  k/  c,ft 

1980 

857 

13,750 

592 

4,400 

Table  Ij  Comparison  of  the  forces  required  to  cause  crack  growth  at  a  crack 
length  of  0.2"  calculated  from  either  the  energy  balance  method  or 
the  direct  application  of  the  tensile  stress  criterion. 


The  Brazilian  and  ring  tests  figures  2.10  and  2.11  respectively  are 
interesting  because  the  load  carrying  capacity  does  not  reduce  to  zero  as  with 
the  other  tests.  After  the  vertical  crack  is  fully  developed,  the  load  is 


( 
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carried  by  the  two  remaining  "Dees”.  This  phenomena  occurs  in  many  conpressive 
testing  situations  particularly  in  the  failure  of  jointed  block  models  as  will 
be  discussed  in  chapter  3.  In  non-uniform  rock  high  modules  inclusion  are  sub¬ 
ject  to  high  diametral  stresses  and  vertical  splitting  is  an  available  mechanism 
to  relieve  the  high  stress  build  ups.  This  is  a  possible  mechanism  for  the 
formation  of  small  vertical  cracks  in  uniaxial  testing  of  rock. 

Size  Effect 


The  problem  of  the  effect  of  a  specimen  size  effort  the  observed  strength 
of  unjointed  rock  is  of  basic  importance  to  the  extrapolation  of  laboratory 
experimental  results  to  engineering  applications.  BROWN  (1971)  has  reviewed 
existing  experimental  and  theoretical  considerations  and  concludes  that  the 
literature  contains  a  body  of  conflicting  and  generally  inconclusive  data. 

PRATT  et  al  (1972)  have  recently  shown  an  apparently  dramatic  dependence  of 
strength  on  size  for  Cedar  City  quartz  deorite  under  uniaxial  compression. 

HUCK  (1972)  shows  a  much  reduced  size  effect  for  charcoal  diorite  granite  and 
no  significant  size  effect  for  Indiana  limestone  for  samples  from  two  inches 
to  36  inches  in  diameter.  These  experiments  were  all  conducted  on  samples  of 
apparently  unjointed  rock.  The  effect  of  major  discontinuities  on  the  strength 
of  the  rock  mass  in  considered  in  later  chapters. 

The  above  mentioned  review  anh  experimental  results  have  been  conducted 
on  rock  in  conpressive  stress  fields  while  very  little  research  has  been  con¬ 
ducted  on  the  size  effect  of  rock  in  tension  [HIENS  (1972)  has  recently  shown 
a  slight  size  effect  in  brazilian  tests  on  samples  of  dacite  Valders  limestone 
and  St.  Cloud  gray  granodiorite].  Griffith's  theory  can  be  used  to  illustrate 
two  possible  extremes  in  the  discussion  of  size  effect. 

If  the  distribution  of  cracks  throughout  a  body  is  Ideally  random  with  all 
crack  lengths  equal,  and  such  that  no  carck  interfered  with  an  adjacent  crack, 
then  the  crack  length  C  could  be  a  material  property.  The  tensile  strength 


is  independent  of  specimen  size.  On  the  other  extreme  if  the  crack  length 
distribution  is  completely  random,  the  maximum  crack  length  C,  encountered  in  a 
rock  specimen  would  be  proportional  to  the  specimen  length  1.  Thus  for  two 
testing  situations  of  the  same  material  and  similar  shape,  but  different  length 
1  and  12  the  strength  ratios  to  o2  would  be 


°1  I1 2\  1/2  (V2\  1/6 

3T  =  (  T)  “( v  I 
2  \A1  /  \lj 


(16) 


A.  /U 


where  \I±  and  V2  are  the  volumes  of  the  two  test  specimens. 
WEIBULL's  (1939)  statistical  theory  of  failure  predicts 


(17) 


[provided  cr  the  minimum  strength  of  an  elemental  material  is  taken  as 
the^material?  >*»  the 

nn^o^^eXtTtX  -SS  °Ut- 

”ed  in  tSs^a^sIHhaf  Jfyth2°"  “  ener®'  orlterlon  a>  has  been 

tqoT^neWhSraCe  Created)  SSVSSS  avaK?f ££&&& 

-trictSSsCt‘he<Jfa?(1’aln  rergy  chan^s>  then  for  two  ^cnetricaUy^lmtlai 
55X  fallUre  stresses  “ill  »e  related  In  an  inverse  squ^lSt  of 
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Wh"^C*\/Sj  factj  identical  to  equation  16. 

m SSS  SS*~?  « 

P iTshcws^  t°“d  crack  J**a.  for  the  body  of  length"  curve 
18.  If  Se  effect! vfnfTi^i^3  A  **  B  ln  accordance  with  equation 
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C/L  constant 


C/L*  1/x  C/L 
L  constant 
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apparent  size  effect.  Table  1  showslhat  tetheTve ’teSts"  SScMm  "° 
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eSression^  ^  t6Stj  Sh°W  a  VSiy  near  dePendence  °n  crack  length  to  the 


o  failure  a  — 
Jc/L 


(15a) 


so  we  could  expect  very  little  dependence  of  strength  of  size  for  the  test 

m,HrVer-  “1  rlne  test  sh0'“«  a  s£ 

eiiect.  This  has  not  been  experimentally  investigated,  but  does  suggest  some 

threrdlfffJettShWhlCh  C°Uld  bS  VSry  Slmply  conducted*  For  the  b!2? test 
three  different  shapes  were  analysed  to  investigate  this  size  effect  These 

££f(,a^^“ri'l2e!j1in  TaWe  n-  No  <=**“•  ^nd  is  established  whioT-L 

r  “th  the  results  of  HENS  (1972)  and  HUDSON  (1971),  and  BROWN  (1971) 
although  Brown  reports  on  compressive  failures. 


Span:  Depth 
Ratio 


Beam 

Volume 


100  100  100 

96  106  103 


Shape  Effect 


Table  II  Variation  in  tensile  strength,  in  Beam  Itests 


The  shape  effect  is  expressed  simply  as  the  variation  of  the  annarent 

theSsizeSefrS  teSt  ge°metry>  with  care  to  elimSate 

.  e  ellf?t-  Beam  tests  show  a  considerable  shape  effect  this  can 

ag  e  partly  explained  by  the  Weibull's  theory,  see  HUDSON5 (1971)  but 

Consb3nts  not  m<tependentyof  tesfuhape  S  £1) . 

Sd£  a  beam  12"  x  4” 

iouna  by  curve  fitting,  these  constants  were  used  to  predict  the  falinrp 

by^urve  fittSg-bthSseeStS  ?  J2"  *  2"  material  constants  were  found 
y  curve  fitting,  these  constants  wera  used  to  predict  the  failure  distributors 


for  beam  tests  of  12"  x  2"  x  2"  ana  23"  x  1"  x  1".  ihe  predicted  and  actual 
results  are  shown  In  Fig.  2.14. 

Three  beam  shapes  were  analysed  in  this  study  using  the  energy  balance 
method  outlined  earlier,  to  investigate  the  effect  of  shape  on  the  observed 
tensile  strength.  Fig.  2.15  shows  the  three  shapes  considered;  the  span  was 
held  constant.  The  results  are  summarized  in  Table  3. 


Span :  Depth 

Max  Load 

Max  Load 

Max  Load 

Max  Load 

Ratio 

(Simple  Beam 

(Finite  Element 

for 

for 

Theory) 

Analysis ) 

CL=H/20 

CL=Constant 

5:3 

9 

9.06 

5.23 

7.56 

5:2 

4 

4.14 

2.96 

3.51 

5:1 

1 

1 

1 

1 

Table  3.  Predicted  maximum  beam  loads  for  different  beam  shapes  and 
analysis  procedures. 


Simple  beam  theory  with  a  maximum  tensile  stress  criterion  suggest  a 
maximum  load  carrying  capacity  for  the  three  beams  in  the  ratio  9  r  4  :  1 
the  finite  element  stress  analysis  of  uncracked  beams  agrees  with  these  results. 
The  maximum  load  for  a  crack  length  a  fixed  ratio  of  the  beam  height  in 
this  case  H/20  produces  load  ratios  of  5.23  :  2.96  :  1  which  suggest  that  the 
5  :  ,3  ?ea™iS  very  weak  relative  to  the  5  :  1  beam.  For  the  case  of  a  constant 
crack  length  the  load  ratio  is  7-56  :  3.51  :  1  which  again  indicates  that  the 
strength  decreases  as  the  span  to  depth  ratio  decreases.  This  agrees  with  the 
trend  of  the  experimental  results  obtained  by  HUDSON  (1971),  and  also  with  the 
resuits  predicted  by  the  Weibull's  analysis.  However,  this  effect  is  not  con- 
^  Weibull’s  analysis,  as  the  strength  distribution  is  independent 
°7  geometry.  This  may  account  for  some  of  the  discrepancy  between 

the  Weibull  s  theory  and  the  observed  results,  as  previously  noted  and  illustrated 
in  lig.  2.14. 

A  shape  effect  can  also  be  theoretically  observed  in  the  ring  test.  Two 
retests  were  analysed,  one  with  external  diameter  to  external  diameter 
ID/OD  ratio  of  1  to  10  and  the  other  with  ID/OD  1  to  4 .  These  results  are 
conpared  in  fig.  2.16. 

It  is  of  interest  to  define  an  apparent  tensile  strength  as  the  maximum 
tensile  stress  that  exists  in  an  uncreacked  body  calculated  from  the  force  or 
pressure  required  to  cause  crack  growth.  As  the  force  to  cause  crack  growth 
is  a  function  of  crack  length  for  all  tests  the  apparent  tensile  strength 

?£  Gfac^  lengthl  ^  apparent  tensile  strength  has  been 
calculated  for  all  the  test  grometries  analysed  for  a  crack  length  c=0.] 
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Inches.  These  results  are  summarized  In  table  4.  The  crack  length  of  0.1 
Inches  is  not  Identical  with  the  total  crack  length  for  all  the  test  geometries 
as  plotted  in  figures  2.8  to  2.12.  For  the  tests  where  symmetrical  cracks 
develop  the  ring  tests  and  the  hydraulic  fracturing  test,  the  crack  length 
is  half  of  the  total  crack  length  so  the  forces  shown  in  table  4  for  these 
tests  are  the  forces  at  a  total  crack  length  of  0.2  inches.  The  stresses 
for  the  ring  tests  were  calculated  from  some  results  listed  in  JAEGER  and 
COOK  (1969). 

The  large  variation  in  apparent  tensile  strength  indicated  in  table  4 
is  not  uncommon  in  tests  on  rock.  HAWKES  and  MELLOR  (1972)  suggest  that  the 
Brazilian  test  should  be  used  to  measure  the  tensile  strength  of  rock  rather 
than  a  ring  test  because  the  Brazilian  test  results  closer  to  the  strength 
indicated  by  the  direct  tension  test,  without  questioning  if  in  fact  the 
tensile  stress  criterion  of  failure  is  appropriate. 


Beam 

Test 

Direct 

Tension 

:  Brazilian 
Test 

Ring  Test 
OD/ID=10 

Ring  Test 
0D/ID=4 

Hydraulic 

Fracturing 

Maximum  load 

F  max. 
at  crack 
length  of 
o.l  inches 

1,220 

5,500 

19,400 

4,220 

2,000 

2,800* 

Tensile  stress 
in  uncracked 
body  at 

F  =  F  max. 

2,280 

2,750 

3,090 

4,220 

2,720 

2,960 

*  in  this  case  this  number  refers  to  the  pressure  within  the  hole  to  cause  crack 
propagation. 

Table  4.  Comparisons  of  Apparent  Tensile  Strength  for 
Different  Tests 

Influence  of'  Rock  Microstructure 


The  method  of  generating  complete  force-displacement  curve  for  a  test 
by  incrementally  constructing  the  curve  from  considerations  of  the  absorbed 
energy  is  unrealistic  unless  modifications  are  made  to  account  for  inhomogeneity. 
In  fact,  the  analysis  up  to  this  point  is  only  valid  for  an  isotropic, 
homogeneous  continuum  with  a  constant  'work  of  fracture' . 
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The  nature  of  rock. 


Rock  is  a  complex  material.  It  was  formed  hundreds  of  thousands  of  years 
ago  and  has  subsequently  been  subjected  to  an  unknown  history  of  thermal  and 
mechanical  trauma.  In  general,  rock  can  be  described  as  a  material  system 
consisting  of  many  constituent  minerals  aggregated  in  a  complex  non-continuum; 
voids  exist  in  the  form  of  pores  between  grains  and  cracks  generated  by  thermal 
and  mechanical  processes;  residual  stresses  i.ny  exist  and  pore  fluid  may  be 
present.  It  is  little  consolation  that  synthetic  materials  can  be  equally 
complex  -  BRADSTREET  (1958)  describes  ceramic  production  as  "minerals  of 
inconstant  composition  and  doubtful  purity  exposed  to  immeasurable  heat  long 
enough  to  carry  unknown  reactions  partly  to  corrpletion,  forming  the  hetero¬ 
geneous  nonstochiometric  materials  known  as  ceramics". 

To  model  precisely  the  structure  of  a  specific  rock  specimen,  containing 
discrete  grains  and  grain  boundaries,  would  require  considerable  computer 
storage,  be  extremely  time  consuming  and  always  incomplete .  In  addition,  the 
analysis  becomes  more  complicated  because  determination  of  the  fracture  path 
(by  considerations  of  a  minimum  potential  energy  condition)  will  involve  two 
factors:  the  change  in  strain  energy  (as  for  the  ideal  material)  and  the  work 
of  fracture  -  both  of  which  are  function  of  the  fracture  path. 

Although  fracture  paths  often  appear  to  be  very  irregular  when  viewed  on 
a  plane  surace,  the  third  dimension  of  a  crack  must  not  be  ignored.  If  a 
very  thin  section  of  rock  were  to  be  tested,  the  individual  grains  on  inhomo- 
genieties  will  greatly  affect  the  experimental  output,  but  in  most  engineering 
applications  larger  bodies  of  rock  are  stressed  where  the  third  dimension  must 
be  considered.  In  this  case,  the  advancing  crack  tip  will,  not  be  uniform  in 
length  throughout  the  body;  some  weak  sections  will  allow  the  crack  tip  to 
advance  further  than  in  other  areas,  but  when  considered  as  a  whole  these 
variations  will  tend  to  balance  out,  so  that  the  observed  work  of  fracture 
may  be  much  more  uniform  than  that  for  a  very  thin  section  of  rock. 

However,  three  aspects  of  the  mierostructural  inhomogeneity  are  con¬ 
sidered  as  they  are  of  fundamental  siganificance  and  important  in  the  context 
of  experimental  data  interpretation : 

1.  The  'work  of  fracture'  can  be  a  function  of  the  crack  length. 

This  could  be  caused  either  by  a  random  or  progressive  variation 
in  the  'work  of  fracture'  through  the  specimen  or  by  a  progressive 
change  in  the  failure  mechanism. 

2.  A  Pre-existing  crack  could  exist  in  the  path  of  fracture.  This  is 

a  special  case  of  the  first  aspect  (with  the  'work  of  fracture'  equal 
to  zero  over  the  pre-existing  crack  length)  but  with  an  additional 
influence  on  the  modulus  of  the  Structure  before  the  crack  is  reached. 

3.  Permanent  deformations  occur  during  the  failure  process.  When  the 
beam  is  unloaded  the  axial  displacement  does  not  return  to  zero. 

Variation  in  the  'Work  of  Fracture' 

Ihe  possible  types  of  variation  in  the  'work  of  fracture'  are  shown  in 
Fig.  2.17.  A  constant  'work  of  fracture'  is  represented  by  the  dotted  line 
AB.  If  the  'work  of  fracture'  oscillated  about  a  fixed  value  with  no  bias, 
the  complete  force-displacement  curve  would  similarly  oscillate  about  the 
smooth  theoretical  curve.  The  depth  of  the  crack  front  will  effectively 
smooth  out  these  oscillations  in  the  observed  'work  of  fracture'. 
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Alternatively,  the  'work  of  fracture'  might  increase  or  decrease  with 
crack  length  (AC  or  AD  in  Pig.  2.17)  and  then  the  complete  force-displacement 
curve  would  progressively  diverge  from  that  for  the  ideal  material.  The 
modified  curve  could  be  constructed,  however,  from  the  ideal  curve  (using 
equation  8  if  the  relationship  between  'work  of  fracture'  and  crack  lenrth 
were  known.  ' 


The  presence  of  a  pre-existing  crack. 

The  effect  of  a  pre-existing  crack  on  the  modulus  of  a  failing  structure 
is  shown  in  Fig.  2.18.  A  comparison  of  the  modulus  reduction  curves  for  the 
two  cases  shown  in  Fig.  2.18  shows  that  the  beam  modulus  is  noticeably  affected 
just  before  the  fracture  reaches  the  pre-existing  crack.  The  complete  force- 
displacement  curve  for  this  test  is  represented  by  the  heavy  line  in  Fig.  2.19a 
The  area  LPM  represents  the  surface  energy  that  does  not  have  to  be  supplied 
because  of  the  pre-existing  crack.  In  reck  it  is  likely  that  a  distribution 
of  such  cracks  will  cause  many  minor  jrerturbations  in  the  descending  portion  of 
the  curve,  but  it  is  unlikely  that  a  pre-existing  crack  would  traverse  the  whole 
reck  structure  so  this  effect  may  be  masked  by  the  depth  of  the  crack.  This 
effect  should  be  very  noticeable  in  very  thin  specimens. 

In  a  conventional  testing  machine  these  local  perturbations  will  be 
masked  by  the  elastic  unloading  stiffhess  of  the  testing  machine.  The  heavy 
^*^b  shows  the  complete  foree -displacement  curve  that  would  be 
f°r  a  beain  containin6  an  initial  crack  (such  that  the  loading  path 
Is  OR)  and  a  pre-existing  crack  (causing  the  perturbation  LPM).  When  the 
R  is  reached,  the  initial  crack  propagates  but  the  elastic  unloading 
o  e  testing  machine  (along  XX')  dominates  the  force-displacement  curve. 

At  N,  the  failure  locus  is  Intercepted  but  excess  energy  given  by  area  RPN 
has  been  suppiied  by  the  testing  machine  and  the  crack  continues  to  prepagate 
until  point  S  is  reached;  the  extra  energy  is  absorbed  as  surface  energy  such 
that  area  RPN  is  equal  to  area  NSTW.  Failure  is  then  reinitiated  by  loading 
along  the  local  modulus  line  from  S  to  T.  In  a  closed-loop  testing  maclilne,  the 
actual  curve  ORPMU  may  be  observed  if  an  appropriate  control  feedback  dis¬ 
placement  is  chosen  (see  HUDSON  et  al  1972). 


Permanent  Deformations 

,  The  theoretical  analysis  has  been  based  on  the  assumption  that  the  material 
is  ^j.as.ic-brittle.  This  assumption  is  reasonable  for  only  a  small  proportion 
of  fine  grained  reck  types;  most  recks  exhibit  significant  permanent  deforma¬ 
tions  when  stressed  in  tension  or  conpression.  This  factor  must  be  included 
in  the  analysis  because  the  conplete  force-displacement  curve  for  the  beam 
failure  process  will  be  affected  by  the  additional  absorbed  energy.  This 
additional  energy  is  different  from  that  discussed  early  in  the  discussion  of 
the  energy  within  the  tern  'work  of  fracture'.  In  most  of  the  rock  tensile 
tests  discussed  the  load  is  applied  as  a  compressive  force  over  a  very  snail 
area,  as  in  the  Brazilian  and  Beam  test.  Within  the  test  specimen  there  are 
high  compressive  and  shear  stresses  throughout  the  structure.  Permanent  defor- 
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nation  that  occurs  at  the  loading  point  when  the  load  is  returned  to 
zero  at  some  stage  in  the  failure  process. 

t-h«  olt«erVati°n?  °f.th!  complete  force -displacement  curve  will  not  enable 
the  energy  associated  with  the  creation  of  new  surfaces  to  be  separated  from 
>he  energy  associated  with  permanent  deformations  unless  the  beam  is  unloaded. 
Assuming  that  the  dimensions  of  the  beam  have  not  been  significantly  altered 
by  permanent  deformations,  the  elastic  unloading  process  will  indicate  a 

Jho^TOdUl!f\at  various  stages  in  the  structural  breakdown  of  che  specimen  - 
the  same  rrodulus  that  would  be  exhibited  by  a  purely  elastic-britUe^pe^n. 

nf  ^le  exPerimental  procedure  to  separate  the  two  types 

of  absorted  energy  and  hence  enable  a  valid  conparison  of  the  theoretical 
experimental  results  to  be  made.  The  diagram  in  Pig.  2.20a  indicates  the 

SdIIpi^iCpS9n^ra^i0n  the  tW°  ene^es  durinS  an  incremer.t  of  crack  growth 
and  Fig.  2 . t Ob  shows  how  the  experimentally  observed  curve  can  be  'corrected' 
to  the  curve  for  an  ideal  naterial.  corrected 

inn-nJH  2,20,a  the  heavy  line  shows  loadlng  Of  the  structure  to  S,  an 

fSSn  of  TO  1°  ^l0ading  back  t0  p  with  a  Permanent  de- 

lormatlon  of  PO.  To  isolate  the  surface  energy  from  "plastic"  energy,  the 

K?'  JVQri:?  SUCh  that  Qfr  is  Parallel  and  equal  to  PO.  The  path  )SQ0 

JraS  ch^otertstl=  **  loading,  a  snail  Increase  In 

deformation, “^Ponds  to  the  energy  absoAed  during’ 

nan  .Pf'  2-20b  shows  how  the  observed  curve  (represented  by  the  heavy  line) 
e  incrementally  corrected  to  a  continuous  curve  for  an  ideal  material 

the  f0rCS  aXlS>  thG  TOdu11  llnes  ^  eaS  cSS’ 

In  rock  structures  the  permanent  deformation  mechanisms  may  be  coirclicated 

F°r  GXample>  cloSUre  of  cracks  on  unlcSng  nSTe 

S^^d  atyDiMiar.diSl0d6?rnen^  lhe  unloadlng  TOdu11  should,  therefore,  be 
nn^d  b  force  levels  and  the  permanent  deformation  found  by  extrac- 

polation  of  the  initial  unloading  modulus.  y 

Discussion  of  Size  Characterization  of  Rock 

nan  h?1!l!!yP0!?h!i?iS.10f  thls  section  has  been  that  the  tensile  failure  of  rock 
efr^nM^  actf^zeluy  tWO  Parametere»  the  work  of  fracture,  and  the 
ff?  P  ack  ien£th*  Analytical  predictions  have  been  presented  to  surest 
-1  tWs  tp  of  characterization  can  explain  some  of  the  Sscrepancies 
observed  between  a  maximum  tensile  stress  strength  criterion  and  observed 

^eS!i^tS,  while  rec°0^zing  that  some  statistical  theory  should  be 
ouperinposed  on  the  energy  method  to  account  for  the  inherent  variability  nf 

tMs  TOthod  30(1  fallure  crlterlo^nSent^o  y 

fnif5hihH  ?JJUr’e  theoIy*  but  now  80  enere/  analysis  is  made  of  every  structure 
1Ur?c  °CCUr  by  crack  P^P^tion;  and  there  is  a  Sere™ 
interpretation  of  the  meaning  of  the  effective  crack  length. 


( 


( 
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.  ??e  crack  length  which  characterizes  each  particular  rock 

ype  is  rplated  to  the  development  of  a  macroscopic  crack  through  the  rock 
^anple  and  is  not  related  to  classical  Griffith  flaws  which  are  general!^ 
rf  ,ated  to  grain  size  and  internal  crystalline  imperfection.  The  classical 
or  often  discussed,  Griffith  flaw  is  now  considered  as  a  defect  that^n  ’ 
occur  at  the  tip  of  the  crack  and  is  not  a  through-the-strSctSre  defect 
effect  of  Individual  flaws  account  for  the  micro-cracking  at  the  tio  of 'the1 
crack  and  will  contribute  to  the  overall  term  ‘work  of  lecture  ’  5kev  mv 

h^sTno^lSeS  ^  ^  at  the  tip  °f  the  crack  ^  nacres copically 

cracki^?  stress-strain  response  because  of  the  relaxation  due  to  miSo- 

by  HO^LAND1^6 n  Q7^0 and ^ *  CraCk  iG  con2istent  with  that  proposed 

HOAGLANDet  A  53?  reP^fnted  in  Fig.  2.21  which  is  taken  l£om 

u/ujuud  et  ai.  The  effective  crack  length  is  developed  when  the  zonP  nr 

IhhTmJ1'3'*11’8  at  ?“  orack  tlp  ls  rullir  developed.  Ihen  this  zone  procresses 
with  the  macroscopic  crack.  Cn  a  typical  force-dlsplacemert  response  for  a 
complete  test  on  a  rock  specie  It  ls  proposed  that  the  deveS^  of  The 

*?“  taUlal  •«"«»  crak  length  tSe^Jad  6 

f  load  carrying  capacity  of  the  structure  is  reached, 

t-hn  ,The1stresf  gradient  in  the  region  of  crack  development  is  important  to 
he  development  of  cracks.  For  zones  of  low  stress  gradient  that  is  whnr*. 

inetheriHi'le  j^r®88.-1-8  ^iPormly  distributed  over  a  large  volume  of  rock  as 
th  ^  ?lreGt  tei2sion  test,  considerable  microcracking  can  occur  throughout 
qJole ’f*®  °f  tension  with  the  final  macroscopic  crack  dereloSSer  a 

derelS^t  Se  «  “  15  ^  the  ^roscopic  crack  startle 

oeveiop  that  the  predicted  curves  shown  in  Fig.  2.8  to  2.12  are  aoDlieablp 

limitStt8e°rnetrieS  W??re  a  hi^  stress  gradient  exists  the  microSracking  is 
limited  to  a  very  small  zone  before  the  macroscopic  crack  be^s  todeSlon 

so  a  corrparison  of  theoretical  and  experimental  results  should  be  more  obvious 
For  structures  with  low  stress  gradient,  the  most  probable  position  of  the 
macroscopic  crack  is  more  variable  than  for  situations  of  high  stress  gradient 
Fig.  2.22  illustrates  this  point  with  reference  to  a  short  or  long  span  beam 

experSSn^resStffor^rTtlT  leJ8t?  °a'V>e  uni'luel1'  dete™lned  by  comparing 

experimental  results  for  Brazilian  tests  and  the  ring  test.  Notice  that  In 

*  ^'^lb  the  force  t0  cause  crack  growth  in  the  ring  test  is  initially 

SSdenL°f,th!  Crack  length-  *“*  value  of  this  ffree  can  be  to 
(fctermine  the  work  of  fracture • .  Then  by  comparing  the  ratio  of  the  aoolied 
forc^t°  a  rlng  test  t0  that  of  a  Brazilian  test,  the  effective  crack  length 
can  be  determined.  This  method  is  dependent  upor,  the  effective  crack  length 
being  less  than  the  1.5  tines  the  dianeter  of  toe  hole  in  the^^Ttest 

detl^d6  n1“20LrS8„teSt  <U”Enfions  the  effective  crack  Sgth  cm  be 
aetermlned.  Fig.  2.22  shows  a  conparison  of  the  force  required  to  cause 

fracture  In  the  Brazilian  and  ring  tests,  and  Fig.  2.22b  shows  the  ratio  of 

the  force  for  the  Brazilian  to  the  force  to  cause  failure  In  the  ring  test  as 

°f  length*  other  methods  of  determining  the  effective  crack 

a  single  test  raquire  a  curve  fitting  procedure,  (which  is  often 

’w^Tf'ft4c?u??0STeoi'0rteTlratlnS  the  efftctlve  length  and  the 

nov-ai  h,,^  °ne  test  was  used  ^  the  568,11  Paper  by  HARDY  et  al 

dy^3)  but  this  procedure  is  now  not  considered  satisfactory. 
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EXPERIMENTAL  C8SERVATI0NS  OP  FRACTURE 
Introduction 

check^S^frf  ?hf  ITP°rted  1,1  0113  Seotlon  «=«  designed  to 

section  S£  the  the°retlcal  predictions  outlined  In  the  previous 

iSiSUm  T1^  has  n0t  permltted  the  complete  verification  of  all 

indications  derived  from  the  theoretical  observations  so  experimental  wm-k 
to  verily  the  basic  fora  of  the  predictions 
couid  be  done  to  study  possible  influence  on  the  general  hypothesis  and 
these  will  be  outlined  in  a  later  stage  of  this  section. 

„  ^  experimental  observations  we re  limited  to  the  beam  test .  Brazilian  test 
and  the  ring  test.  The  materials  selected  for  the  studv  were  a  tvnieai  harvi 
rock,  Coid  Spring  Red  Granite  and  Charcoal  Grey  Granite,  and  plexiglass  (PMMA) 
as  this  material  is  essentially  "brittle"  in  tension  and  SsnofSS  the  } 
confusing  properties  associated  with  the  micro  structure  of  rock-  an  additional 
i  sqthf  f  13  transparent,  thus  allowing  direct  obsmS  5  ?he  cracf 
edvance  so  that  comparison  of  beam  modulus  as  a  faction  of  crack  ?eng£h  cS  be 

J^h,  °f  the  experimental  work  performed  on  the  beam  test  has  been 

a  Pap6r  Which  has  been  submitted  to  the  International  Journal  of 

brief  review  of  the  beam  test  results  will  be  given  here.  ‘ 


General 


;rlmsntaJ  Procedures . 


_  .^e  form  °f  the  predicted  force -displacement  responses  of  the  failing 
pecimen  suggests  that  control  of  these  tests  after  the  peak  load  carrying 

13  rfch^Kcould  be  difficult.  Conventional  meSanicaTor^ra§Lic 

b^t  the^ak0!^  ^  as1ex^S3lve  strain  energy  exists  within  the  lSdeo. 
oody  at  the  peak  load  to  supply  the  energy  required  for  crack  nropagation  -o 
this  energy  would  be  observed  as  kinetic  unm^>nn0i  propagation  „o 

conventional  equipment  to  Investl^te  the  depeSS. of  "Kg'  up  of'gidffetfh 

Q%l)^f^fXiteStS  “  3p!clmen  14111  artificially  Induced  cracks.  BERm 
9  ?  this  approach  in  studying  crack  growth  in  plexiglass. 

3_c°ntro]3ed  testing  systems  have  recently  become  popular  in  rock 

S  ^EiSef  a  reVleW  by  mSOli  et  31  1912)  SHd  with  appropria  te  choice  of 
the  feedback  parameter  control  of  almost  any  test  can  be  achieved.  For  the 
beam  test  and  the  Brazilian  test  the  feedback  parameter  is  chosen  as  a  dis¬ 
placement  transverse  to  the  crack  path.  With  rock  there  is  a  certain 

tSSS  ?Jhl1T1i°n  Jhe  °raok  path  30  the  displacement 

h  !!  56  Placed  to  encompass  any  possible  crack  path.  For 

.  the  crac^  Initiation  point  is  known  as  an  initial  crack  has  to 

niaf^lfiClf ly  JndUCed*  *  thls  case  displacement  SansSceS  can^e 
Fi-  2  2?  SS®  t0r  thS  CI?Ck  faces  88  Practical.  This  is  illustrated  in 

refereaca  t0  the  beam  test.  This  transverse  horizontal  dis¬ 
placement  is  programed  to  monotonically  increase  with  time .  The  closed  loop 


system  insures  that  this  condition  is  met  by  varying  the  applied  force. 

The  vertical  displacement  is  independently  monitored.  The  force-versus 
vertical  displacement  and  the  force-versus  horizontal  displacement  is  con¬ 
tinuously  recorded  on  an  X-Y-Z  recorder. 

Beam  Tests 


Fig.  2.25  shows  the  experimental  arrangement  used  for  testing  the  beam 
samples.  The  load  was  measured  by  a  load-cell  located  just  above  the  steel 
cylinder  in  Fig.  2.25;  the  displacement  at  the  loading  point  or  the  'vertical' 
displacement,  6v,  was  measured  by  another  cantilever  transducer  that  was  con¬ 
nected  to  a  steel  cylinder  just  above  the  loading  point  and  activated  by  rods 
connected  to  the  base  of  the  beam  bending  apparatus. 

The  plexiglas  beams  were  11  in.  long  (loaded  over  a  10  in.  span),  3  in. 
deep  and  1  in.  wide  with  all  faces  accurately  machined  and  polished.  The 
beams  were  notched  to  a  depth  of  0.5  in.  with  a  diamond  saw  blade  and  a  fine 
crack  0.1  in.  deep  was  additionally  introduced  by  striking  the  base  of  the  notch 
a  sharp  blow  with  a  utility  knife  blade. 

Unnocched  plexiglas  beams  could  not  be  controlled  with  the  present  system. 
Further  refinements  such  as  a  faster  servo-valve '  (with  a  response  time  of 
1/2  milliseconds),  an  improved  feedback  transducer  and  conputerized  feed¬ 
back  conditioning  (allowing  any  function  of  any  number  of  experimental 
variables  to  be  the  independent  variable)  wo<ild  enable  the  failure  of 
unnotched  plexiglas  beams  to  be  controlled.  These  refinements  were  not  con¬ 
sidered  necessary,  however,  because  the  notching  technique  for  plexiglas  was 
successful  and  the  failure  of  unnotched  rock  beams  was  controlled. 

The  rock  beams  (Cold  Spring  Red  Granite,  Minnesota)  were  11  in.  long 
(loaded  over  a  10  in.  span),  3  in.  or  2  in.  deep  and  1  in.  wide.  All  the 
faces  were  surface  ground  and  the  front  face  was  hi^ily  polished  so  that 
photographs  of  the  propagating  crack  could  be  taken. 

Controlled  Failure  of  Plexiglas  Beams 

The  initial  series  of  experiments  was  carried  out  on  plexiglas  in  order 
to  obtain  complete  force -displacement  curves  that  were  not  affected  by 
microstructural  inhomogeneity.  In  addition,  the  exact  crack  length  at 
any  stage  can  be  determined  from  photographs  or  from  direct  measurements, 
because  of  the  material  transparency. 

Experimental  Results 

The  results  presented  in  Fig.  2.26  show  the  force  -  'vertical'  displace¬ 
ment  curve  and  the  corresponding  force  -  'horizontal'  displacement  curve  for 
a  selected  test. 

The  'horizontal'  displacement  was  programmed  to  linearly  increase  with 
time  at  a  rate  of  .464  x  10  ^  in. /min.  and  was  constrained  to  monotonically 
increase  at  this  rate.  The  force  and  'vertical'  displacement  were  dependent 
variables  and  it  should  be  noted  that  the  curve  in  Fig.  2.26b  does  not 
monotonically  increase  in  displacement. 
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throughout  the  cmtroHed^oUaps^Dro?  P!'-°t°5haphicaHy  recorded 
the  photographs  Is  a  spejl^n  Sentmcatdon35  Pig'  2'27'  °8<  m 

force  and  displacements  at  whlchtteS  nU”?er  °'125  h1^-  Bie 

area  of  the  bean,  shorn  m  tte  ^oSSapS  Sf  S?  ’?'!  **en  “d  ®e 
.  »e  crack  propagated  In  a  stralS?  fi  Sted  Me-  2-26- 
lraegularlties  that  Influence  the  crack  nath  f”6  tfm  the  “iurostructural 
shape  of  the  crack  tip  Is  in  agroeS,^ \t  r?ck  <**<***■  the  culled 

e^tr^ses 

a  condition  nacre  closely  relaSd  to  ^tSTL"^  SteS 
Discussion  dm‘ 

the  coupSte^OTceSS acem Jr?per'1"Ent5a  results  shorn  In  Pie.  2  26  ulth 

^  P«e^°iSSee.^i“  1 33  ^  *  105  PSi 

crack  propagation  rate^  the  eS^t  JlSf  Plexlglas  is  a  function  of  the 
such  that  the  peak  loads  of  S  th^tica?  a  ^  was  ^osen 

This  value  was  2.68  in.lba  /in  2  t^1  ?  fld  exPerinent  curves  coincided 
and  experimental  results  are^he  gSerS^hare' C^lsons  of  the  theoretical 

««-  -Tk  £&“"“• *«*«« 

and  the  specific  displacen^t  vSueTaS^^^  *?"*  ^^cement  curves 
^ntal  'vertical'  displacement  values  ^re^  nnH  agreement.  The  exper- 
values  at  corresponding  load  ooints  nn^!  ?'°°5  more  than  the  theoretical 
cal  shakedown  and  indexation's tofXii^  ls  Caused  ^  ™echa5- 
final  portion  of  pre-peak  curvets  extSano^ffh  0^  pr°Cess  '  **»  the 
the  intercept  is  at  .005  in.  The  eS3So?  ,£&C?  t0  the  dlsPlacement  axis, 
a£2°ted  by  the  shakedown  and  diSctl^  ^  hor}^taV  displacement  is 
Prom  the  photographs  in  Pig  2  27  1_^  asrees  ^th  the  theoretical  curve . 
theoretical  moduli  corresDcndW the  Crack  lengths  were  measured  and  the 
the  crack  length  J”S^re°ih'Se  °?aCk  lenEths  shorn  STSg! ™  Z 

Z  T2^ture  PrepStcd^e^  °rack  “p  « 

o^he'^"  "*  reenter 

Is  shorn  lnTlg.  “"agb .  t,jThfSatJ  Unes^^^tre”58?8  f°r  311  four  beams 
Plexiglas  testing  geometry  and  material  DronpnM  theo!ftical  prediction  for  the 
is  a  function  of  the  surface  energy-  the?e  f?^3,  ^  location  of  the  curves 
value  of  2.68  in.  lbs./in.2  (?h^^  1^fuC2rrespcnd  to  a  surface  enel® 

^  ina?h  colnclded  beam  no.  8h  lch  the  theoretical  and  experimental 

with  creating  new  surfaceItcoSd°te^stSg^hedtfroth£  thS  energy  associated 
with  permanent  defections  by  ^loadlng^TblS  a^S^tg * 
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the  'permanent'  displacement-  uDo^thS  f?S‘  2,30  lndicate  the  effect  of 
SH^eq1Ufnt  exPer^ntal  work  has  snlm  °^®rved  exparlmentai  results. 

With  slippage  of  the  beam  supports  due  to  °f  t^S  work  ls  associated 

&Las  beams.  Rollers  were  used  *5 J  Jhe  lar@e  Section  of  the  olcxt- 

later  tests,  and  then  the  observed  permanent' °HeJ;;3jnlnate  this  problem  in  some 
^noticeable.  permanent  deformations  were,  effectively^ 

Controlled  Failure  of  R0Ck  RsarnR 

the  crackI^g^hrcouldfno^e1[SedSasaS  GfTled  out  on  nock.  In  this  case 
Ihe  extending  crack  was  visible  on  the^onf6?6^61^  experimental  observation 
metrical  complexity  of  the  miSnS-  S  ?nt  face  of  the  team  but  the  seo- 
length  measurements.  Experiments  »vp^U^p3eparatl°n  Preculuded  precise  crack 
well  as  unnotched  beams  W6re  perttoraed  on  artificially  Notched  S 

Experimental  results  -  Unnotched  Beams 

fTf  *^?S«e1??SxW5^xtl"ted1in  tMs  sertes>  «»»  of 

Ste  ssr  * 

rare  of  .116  in.  x  10-3/min  SSf?  as  Programmed  to  increase  at  a 
were  located  halfway  along  each  half^  be  n^ted  that  the  Points  p  and  P0 
the  rock  beams  were  unnotched  and  fhpSPan'i  These  locatlons  were  clnosen  because 
distance  ft™,  the  ceT TS  **  Craok  “““  J^°P  at  a  sigSaS 
Ihe  curves  ’n  Pie  p  25  nil,  .  . 

“  S'LST b6M 

after  the  correction  for  Percent hXraUor's^i^eefSde?®"1 

TT  vr\n  1 T  T-»  _  . 


Experimental  Basalts  -  Notched  Beams 


depth  £K  ***££?£*  Z.' t1'?^  3  “  cut  notch  of 

recorded°l*  ^  °f, these  ^  are  shown  irf^g*  C°IJpleta  force-displacement 
recorded  in  beam  4  onlv  hnt-  t-Mc  i  ,  1  ^*33.  Unloading  moduli  wpto 

as  fracture  progress^’  ‘MS  °learly  Shows  the  in 

Discussion 

The  curves  in  Fis-  ?  ?h  x.,. 

2  In.  deep  bean  corresponding  Iht  GUrves  Tor  the  11  in.  span 

Note  that  the  corrected  experimental  f^P^?taL^sults  shown  In  Pig.  2  32 
Should  be  compared  with  thT^S^ ^  '  ^^placement  c^e 

^K®\u*32,  theoretical  curves  wp-pp  nai  i  +.  ^he  d°tted  lines  in 

the  theoretical  and  experimental  result  alcula^ed  such  that  the  peak  force  in 
work  of  fracture  value  of  0.114  In  "lbs/inS?1^  denulca1,  ^s  occurred  for  a 
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In  the  case  of  rock  beams,  it  is  preferable  to  compare  the  force  and 
the  estimated  crack  length  for  theory  and  experiment  because  permanent 
deformations  affect  the  displacement  values.  The  curve  in  Fig.  2.35a  shows 
Me  theoretical  relationship  between  beam  modulus  and  crack  length  at  any  " 
stage  in  the  failure  process.  From  this  infonration,  the  theoretical 
relationship  between  load  and  crack  length  can  be  established  as  shown 
in  Fig.  2.35b.  The  load  versus  estimated  crack  length  for  the  experimental 
results  are  shown  in  Fig.  2.35b.  In  this  figure  the  theoretical  or 
predicted  force  load  versus  crack  length  is  plotted  for  conparison.  [rfhe 
effective  experimental  crack  length  was  estimated  from  the  change  in 
unloading  moduli  shown  In  Fig.  2.32.]  In  this  case,  the  agreement  between 
theoretical  and  experimental  results  is  good.  This  is  because  the  permanent 
deformation  does  not  influence  the  local  beam  unloading  moduli  values . 

The  results  from  the  notched  beams  give  results  which  are  fairly 
predictable.  As  the  notch  represents  initiation  from  a  longer  effective 
crack  length  the  peak  load  is  reduced  and  the  "controllability"  of  the 
test  is  increased  as  the  vertical  displacement  is  nearly  monotonically 
increasing  with  increased  fracture.  This  effect  can  easily  be  seen  by  com¬ 
parison  with  the  plexiglas  theoretical  predictions  in  Fig.  2.26  for  this 
shape  beam. 

r^3e  experimental  results  of  the  granite  beam  tests  are  summarized  in 
table  5.  Note  that  the  apparent  tensile  strength  of  this  rock  is  not  con¬ 
sistent  but  varies  with  beam  shape . 


Test 

Max.  Load  Fm 
Average  3  tests 

Max.  Variation 
from  Fm 

Apparent  Tensile 
Strength 

10"  x  3"  x  1" 

902 

17.3* 

1,500 

10  x  2  x  1 

663 

15.5* 

2,480 

10"  x  3"  x  1" 
with  1/2"  notch 

628 

26% 

Table  5.  Summary  of  Beam  Experiments  on  Granite 


The  experimental  and  theoretical  results  for  plexiglas  beam  failure 
were  in  excellent  agreement.  For  rock,  the  agreement  was  not  so  good.  Ihis 
is  because  the  theoretical  model  applies  to  an  ideal  material  but  rock  does 
not.  The  theoretical  model  must  be  modified,  therefore,  to  account  for  the 
following  factors: 


Li 
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’  m!  ?!fferT^Ce  ?^een  the  GOmPre33ive  and  tensile  moduli  and 
nonlinearity  0f  the  tensile  stress-strain  curve.  This  result- 
from  micro-cracks  opening  in  tensile  regions  throughout  the  b^dy. 

2‘  Jer^nent  defoliations.  This  effect  c?n  be  partially  eliminated 

Sntr^to^wo^1011  of,  forcf  on±y  a'ld  separating  the  displace- 
rents  into  two  components.  Both  these  effects  are  considered  to 
be  more  dominant  In  less  competent  rock  oonsiaerea  to 


Brazilian  and 
Introduction. 


Tests 


HUDSON^t  S  flQ7T?  dlSGS  ^  been  achieved  previously  by 

recorded^  Ihe  test,  n°f  £?S  thS  Vertical  was  not 

fXh^re  Af  rnf* SV sprepo^ted  in  this  section  relates  to  the  controlled 

f y  flte  30(3  PlexiSlas  discs  of  outside  diameter 
n  j,  4  .ternal  diameters  of  zero,  as  in  the  case  of  the  Brazilian  w 
^hes  and  one  inch.  No  Brazilian  tests  were  conducted  on  pSxiSs’ 

di sp laoenent s ^  ^onEtrles  ^  the  feedback  Si 

pH“p  “  ~  Se  SSSl«S"J?S5  ££V£- 

Was  ?Qt  bonded  to  the  disc.  If  this  section  were  bonded  then 

terminationCofCthedte^fSe  °f  the  strain  gauge,  and  hence  premature 

to^SSTthe  ^  plexiSlas  discs  cantilevers  were  used 

nEnts^^ar?^?  PiaCementl  rihls  ls  P°ssible  as  the  displace¬ 
ments  are  at  least  one  order  of  maraiitude  hi etip-r  in  _n  .  ,  ,, 

The  i^h  load,was  measured  by  a  small  3/4"  sSel  strSn  SSd  Sad  Sll°r  r0Ck- 

with  contact  Sc?he  r00k  thrOUeh  a  Shaped  Steel  load  ^d^, 

Tiie  vertical  displacement  was  measured  by  cantilevers  as  described  in 

tSe  °l  teaf  •  Ihls  dene=«°n  reflects  son*  Stag  dow^o? 

S^ScL  a0t  83  lQad  13  applled-  but  does  not  appei  to  be 

Ring  Tests  on  Plexiglas 
Experimental  Results 

,  „  Fouf  tests  of  plexiglas  were  conducted;  two  tests  with  hole,  nf 
1"  diameter  the  other  two  tests  with  holes  of  0.4".  All  pleSSas  testf 
were  pre-cracked  with  an  initial  crack  length  of  aDproxirr£te^v  nS  X 

eJperSStf  LdicaKd  thT  ^  ^tiating  a  wedged  crack.  Some  preliminary 

arsss  tsrs-s  sssr.ssr  sr 

£&  as 

p  Soible.  Before  this  was  dene  the  distance  AB  was  larger  and  often 


unsymmetric  cracks  would  develop  wit-h  nn  o  •  , 

growth.  aeveiop  wltn  up  to  a  half  an  inch  of  uncontrolled  crack 

tests^were0 controlled  atm  At^rac^”/3011  ^  exPerl“-  ^se 

similar  to  that  described  for  the  beam  test  ^  aG6S  ^  Grack  tlp  shape  very 

with  LTd6^!  sr  ters  by  conparison 

shows  the  load  carrying:  canaoltv  °  ^  exPected  crack  path.  Pig.  2.38 

Of  the  crack  lenSX  thf  t^eSeriSntaf  f  e  3nEll,h0le  Plotted  as  a  function 
dieted  result,  .edified  as  descAbeTSfiVSsI  p- 

Discussion 

for  th^lests^Sw^nl^S1  ^placement  curves 

that  very  little  "permanent' "  dffo^Sion  IsSociaSd  i ^e,^loadlrig  moduli  Indicate 
vertical  displacement  curve  Is  so  steeo  thlt^t  636  tests’  The  observed 

loading  paths.  teep  that  dt  ls  difficult  to  distinguish  Individual 

ft.ll  the  P“d  curve-  sh«"  »  the 

and  experimental  is  marred  bTtwo^meSntal^ln,??^  comparison  of  predicted 
crack  length  detennination  and  the  JL-iahiliS  ft  ?j  phe  accuracy  of  the 
length  was  recorded  bv  comparison  t-h  oP  the  initial  crack.  The  crack 

the  expected  crack  path,  but  the  shape  o/thP^^01?  ^ertlcally  ^d  parallel  to 
and  the  two  crack  paths  may  not  have^been  could  sometimes  be  curved 

crack  determination,  ihe  natural  crack  shaSf  i  P;iMtinS  the  accuracy  of  the 

induced  Initial  crack  shape.  ^Ms  was  toSoduJpri^  f  dependant  W>on  the 

into  the  plexlglas.  Control  of t^ls  cr^fshaoe  1  W6dge  Shaped  razor 

crack  may  not  be  even  across  the  depth  of  the  ^le^gl^riS  ^  ^  the  resultlnS 

structure  wo^S^fl  V8lUf  °P  Jhe  rlnS  test  for  a 

that  of  Plexiglas,  with  modulus  of  .Mo  x  ioS  StaAn2 


*Note  from  equation  8 


p  -w  &  -  i))1/2 

^pef??i“S?l0al  structures.  1  2,  with  different  Young's  moduli,  E,  and  E. 

h  E1 
“ 2  =E? 


ii  .H . 2 

P2  wy  2  E1 


( 


where  E1  =  10. 0  x  106  psi 
E>2  =  .440  x  10 6  psi 
Y1  =  2.68  lb  In/in2 
Y  =  .114 

Sc!f?en^tal?l:1Valent  ^  t0  CaUJe  ^oture  for  ring  with  a  0.1  inch  Initial 


F-.  =  4,300  x 

*  'J 


TOT 


tha  experimentally  observed  ^  w101 

this  calcualtion  is  that  found  from  the  beam  exnervtmf' =ture  ,  2.68  lb.  in/in  used  in 
ment  with  observed  results  for  the  rW  fPof  7et  Produces  excellent  agree- 

applied  load  of  4,300  Ita  the  m  N°tice  that  for  the  ring  test  with  an 

be  4,300  psi,  whereas  for*the  beam  test  Vllt;hh]  the  uncracked  body  would 

tensile  stress  In  the  uncracked  bSa^  would  hp  *  f^^lla0d  °f  600  lbs*>  the  "axtaM 
particularly  meaningful  because  of  the  laJge  (0  filial  ^  ?omparlson  ls  not 
but  by  extrapolation  of  Fig  iob  of  ln)  “ltial  crack  in  the  beam  test 

0.1/3.0  then  the  maximum  Sd =apae?To?Tlo»a”  S?1?*  “V'673'0  to 
be  1,300  lbs.,  thus  an  apparent  tens1lVSnl  /o  L  3  beain  of  Ple*iglas  would 
the  Inconsistency  of  a  simnle  si-rp<^  °f  2>170  psi.  This  Indicates  again 

proposed  energy  leth od.  criterion  and  the  possible  usefulness  of  thf 

Brazilian  and  Ring  Tests  on  Charcoal  Grey  Granite 


Experimental  Results 

2.39  ™lStoe0L\™3dX“rfore\1htahtM\Sert£B  °f  ”>«*«*••  Pig. 
horizontal  displacements  are  shown!  Notice  ;te!t  .S  r  th®  vertlcal  and 
is  approximately  14,000  lbs.,  which  results  in  a  razilian  test  the  peak  load 

platen  and  the  rock  of  28,000  psi  which  is  hio-h  hS  ?  ^  aJress  between  the  steel  enc 
stress  for  this  rock  which  is  between  34  000  and  nnnS  w  the,  run±axlal  compressii 
The  horizontal  dlsolacement  wMnh  38’000  psl  ^see  WAWERSIK  1968). 

by  two  strain  gauges  on  opposite  sides  of  thJ*  ^  faedback  signal  was  generated 
attempt  has  been  made  to  scale  the^e  ^Ck  difc  but  was  uncalibrated  so  no 

SOn  predlote<1  output  stown  in  Pi^Tl0Smd^eiiare  Sll0,m  °nly  for  oot'Pun1- 

load,^1!  LT5  OT2  Sag8  ££££*“%  9'tefs>  llsWpS  ‘he  -I— 
mean  in  each  group  and  the  maximum  ?ih  Sfoup*  the  maximum  variation  from  this 
Imum  load.  lE  Se  ScISTv^£tLS  fwMta..the  unyoked  body  at  the  max- 
Hgure  2.40  shows  S  pStoSSs  o?  HLfjL fappf*t  tenslle  strength", 
the  reduction  in  load  carrying  caDacifv  %!  S  test*  Showing  the  crack  that  caused 
crach  extends  very  nearffSe8  ZSAgggJ™  “apt  the 

some  ££  *°  a  “  py  ‘he  vertical  crech, 

the  load  applied  to  the  specimen  again  begL  tf£f  ST  If  th!f  ln=rea3ed 

changes  were  occurring  within  the  ^  ? •  At  this  stage  no  structura 

resulting  from  the  sKSf 0I1hfSsS  f  re  I?e  staped  SP***™ 

Increase  until  above  that  of  the  original  .2  being  loaded,  the  load  was  allowed  to 
tinned,  total  collapse  ^y  have  rjgggg  “dSg 


-  —  A*.  h. 


34 


( 
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-£n  uncontrolled  testing  of 


|  Brazilian 

Ring  Test 
Small  Hole 

Ring  Test 
Large  Hole 


Mean  Max 
load,  3  Tests 

13,170 


7,900 


Max  Variation 

From  Mean  % 


3,020 


Apparent 

_Tenslle  Strengt-.h 

2,100 

7,950 

4,100 


liable  6.  Experimental  Suninarv  nr  r  iT  J  - * 

Tests  on  Charcoal  Zey  OrZll^  ^  Brazillan  and  Ring 

Discussion 

curves  shown  in  Pig8  2°fne-d^s^lacement  curves  agree  quite  wen 
in  these  figures  ^This^n^  l'11'  The  loads  atTfailure  the  Predicted 

Grey  Granitfused  inTh  SUgfsts  that  there  is  sorre  dirn^T  ^fferent  tb=>n  those 
tests.  This  Sl£e,  r  the  Cold  Sp?L  S  BetWeen  the  ^ 

so  that  a  direct  comnar.^^0^1121^6  that  the  same  rock  t-vn  ranite  used  in  the  beam 
Plexiglas  .  *  COnparlso"  could  be  cade  bet^gse^Lr  both  *« 

If  the  effective  ,  _  the  oase  of  the 

^  than  0, 

»  &~»g£8  S 

oo  equation  20  £££■  the  YounS'=  “ulus  la  eaaentlafl^^^o0? 


2  A? 


(20a) 


F!  =  4,300  lbs. 

F2  =  7,900  lbs. 

Yj  =  .114  lb  in/in2 

~  EC  ?Sa 

length  were  0.50  inches,  W  Spl^Sg  S 


effective  crack  length  of  0.25  at  either  side  of  the  internal  hole.  This  is 
considerably  larger  than  the  effective  crack  length  found  for  the  Cold 
Spring  Red  Granite  of  0.1  inch,  but  unfortunately  this  length  was  found  from 
a  much  less  satisfactory  method,  the  curve  fitting  procedure  outlined  in  the 
beam  testing  discussion. 

Ihe  experimental  results  from  the  ring  test  can  be  used  as  an  independent 
check  of  the  two  material  properties,  work  of  fracture  and  effective  crack 
length  derived  from  the  Brazilian  test  and  the  ring  test  with  the  small  hole . 
From  figure  2.16  the  ratio  of  F  for  the  ring  test  with  the  large  hole  to 
the  F  for  the  ring  test  withmaxsmall  hole  at  crack  length  0.25  can  be 
deterlffted.  This  ratio  is  0.430.  Thus,  the  predicted  load  carrying  capacity 
of  the  ring  test  with  the  large  hole  is  0.430  and  the  experimentally  observed 
maximum  load  for  the  ring  test  with  the  small  hole.  This  gives  0.430  x  7,900 
which  is  3.400  lbs.  This  agrees  favorably  with  the  experimentally  observed 
result  of  3-020  lbs. 

Ihe  unloading  modulus  for  these  tests  is  in  general  very  insensitive  to 
changes  in  crack  length.  This  can  be  seen  from  the  form  of  the  force-vertical 
displacement  curves.  It  is  very  difficult  to  distinguish  the  loading  and  the 
unloading  paths  due  to  the  thickness  of  the  ink  from  the  pen  recorder.  Ihe 
horizontal  displacement  is  much  more  sensitive  to  crack  length  changes,  but 
the  horizontal  displacements  are  uncalibrated.  The  theoretical  method 
utilizes  the  change  in  strain  energy  or  the  change  in  modulus,  so  for  comparison 
the  normalized  modulus  is  shown  as  a  function  of  horizontal  displacement.  This 
can  be  used  to  determine  the  crack  length  with  the  body  at  that  particular 
horizontal  displacement  by  comparison  with  the  theoretical,  or  F.E.  predictions. 
This  has  been  done  and  Fig.  2.41  shows  the  output  of  one  particular  Brazilian 
Test. 

Extrapolation  of  these  moduli  indicate  again  that  permanent  deformations 
are  not  significant  with  this  rock  under  these  loading  conditions  as  was  found 
with  the  plexiglas  ring  test. 


General  Discussion  of  Experimental  Results 


The  experimental  results  have  established  the  fundamental  validity  of 
the  theory;  couple te  force-displacement  curves  should  be  analysed  on  the 
basis  of  the  amount  of  energy  absorbed  during  an  incremental  increase  in 
crack  length  as  failure  occurs.  In  the  past,  the  tensile  strength  has  been 
the  (assumed)  material  property  used  to  characterize  the  failure  of  rock  in 
tensile  stress  fields.  When  failure  is  analyzed  by  energy  absorption 
considerations,  however,  the  material  property  is  the  unit  ’work  of  fracture'; 
the  tensile  strength,  or  maximum  tensile  stress  at  failure  is  a  function  of 
the  type  of  test  and  specimen  geometry  and  is  not  a  material  property . 

Experimental  observations  have  been  presented  on  two  comnonly  used 
tensile  testing  methods  commonly  used  on  rock  to  support  the  hypothesis  that 
hard  rock  fails  by  a  crack  traversing  the  body.  The  need  for  such  observa¬ 
tion  may  seem  trivial  but  some  had  expressed  the  view  that  rock  fails  by  a  gradual 
process  of  micro  crack  extension  throughout  the  tensile  stress  zone  and  that 
the  final  crack  surface  is  developed  only  after  considerable  load  bearing 
capacity  of  the  structure  has  been  lost.  This  is  supported  by  the  masking  of 
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any  unique  crack  within  the  structure  by  the  microstructure  until 
such  time  that  very  large  deformations  have  occurred  and  the  final  crack 
surfaces  have  displaced  sufficiently  for  them  to  be  detectable  by  the 
naked  eye.  The  fact  that  microcracking  does  continue  within  the  rock  body 
is  not  denied,  but  the  hypothesis  is  presented  that  the  load  carrying  capacity 
of  the  rock  is  reduced  only  after  the  'effective  crack  length'  is  developed 
and  continues  to  propagate.  The  effect  of  the  stress  gradient  upon  this 
process  has  been  discussed  earlier. 

The  theoretical  method  has  been  verified  by  comparison  with  experimental 
results  of  tests  on  plexiglas  when  the  crack  length  can  be  visually  recorded  and 
from  the  general  form  of  the  experimental  results  on  rock  and  the  observed 
change  in  modulus  (force  divided  by  vertical  displacement,  or  force  divided 
by  horizontal  displacement  whichever  applies).  As  the  structure  loses  its 
load  carrying  capacity  a  crack  length  can  be  reduced  for  all  stages  of  the 
fracturing  process. 

The  experimental  verification  of  the  postulated  theory  can  only  be  con¬ 
sidered  preliminary.  Extensive  testing  would  be  necessary  to  investigate  the 
effective  crack  length  and  the  work  of  fracture  for  other  types  of  rocks. 

The  possible  variation  of  the  'work  of  fracture'  with  different  geometries 
should  be  investigated.  This  variation  could  result  from  different  stress 
fields  at  the  crack  tip.  Any  variation  of  this  type  would  be  expected  to  be 
minor.  nesting  with  many  different  geometries  and  with  different  size  specimen 
could  be  used  to  further  prove  or  disprove  the  theory.  The  effect  of  specimen 
thickness  could  be  studied.  For  very  thin  specimen  the  variation  of  'work  of 
fracture'  with  length  should  be  much  more  pronounced  than  for  thicker  samples 
where  the  variations  of  'work  of  fracture'  would  effectively  be  averaged  out 
through  the  thickness  of  the  crack  front.  Other  experimental  testing  could 
be  carried  out  to  investigate  the  effect  of  propagation  rate  of  the  work  of 
fracture ' . 

SUMMARY  AND  CONCLUSIONS 

1.  A  brief  review  of  the  mechanisms  of  tensile  failure  of  materials 

have  been  given  with  particular  reference  to  rock  type  brittle  materials. 

2.  The  hypothesis  presented  by  Griffith  that  energy  is  absorbed  as 
cracks  extend  is  adopted  as  the  criterion  of  fracture  with  the 
'work  of  fracture'  being  a  material  property.  The  work  of  fracture 
includes  the  energy  of  a] 1  dissipative  mechanisms  in  the  region 

of  the  crack  tip. 

3.  The  "effective  crack  length"  is  defined  and  hypothesized  to  be  a 
material  property.  Both  the  work  of  fracture  and  the  effective 
crack  length  of  a  rock  are  required  before  the  load  carrying 
capacity  of  a  particular  shape  can  be  determined. 

4.  The  Finite  Element  stress  analysis  technique  is  used  to  develop 
complete  force  versus  displacement  responses  of  structures  failing 
due  to  the  extension  of  a  through-the-structure  crack. 

5.  Discussion  of  the  usefulness  of  this  method  in  predicting  crack 
paths  and  the  development  of  multiple  crack  trajectories  is  presented 
in  light  of  the  energy  balance  technique. 


6.  Hie  above  mentioned  method  is  used  to  analyze  five  corrmonly  used 
tensile  test  geometries.  These  are  the  beam  test,  the  direct 
tension  test,  Brazilian  test,  the  ring  test  and  the  hydraulic 
fracturing  test. 

7.  Discussion  is  presented  upon  the  variations  in  the  "apparent 
tensile  strength"  from  specimen  size,  shape  and  different  tests. 

These  variations  are  not  completely  predicted  from  statistical  theories, 
but  become  apparent  when  the  energy  balance  technique  is  used. 

The  effect  of  the  rock's  micro  structure  upon  the  predicted  force- 
displacement  curves  is  discussed  with  particular  reference  to 
variations  of  the  work  of  fracture  with  crack  path,  the  effect  of 
intersecting  a  pre-existing  crack,  and  the  effects  of  permanent 
deformations  on  the  experimentally  observed  force-displacement 
curves. 

9*  A  method  is  proposed  for  measuring  the  "effective  crack  length"  and 
the  'work  of  fracture'  uniquely  from  comparison  of  the  experimental 
outputs  from  the  Brazilian  and  the  ring  tests. 

10.  Experimentally  observed  controlled  crack  growth  in  plexiglas  beams 
and  'rings  are  described.  A  closed  loop  servo-controlled  testing 
machine  used  with  an  appropriate  across-crack  displacement  feed¬ 
back  parameter  was  used  to  develop  the  complete  force-displacement 
curve  for  each  test. 

11.  The  form  of  the  experimentally  derived  force-displacement  curves 
agreed  excellently  with  the  predicted  curves. 

12.  The  material  property  'work  of  fracture'  experimentally  derived 
from  the  beam  test  on  plexiglas  could  be  used  to  predict  the 
lead  carrying  capacity  of  the  plexiglas  ring. 

13.  Crack  growth  was  controlled  in  rock  beams  and  discs  using  the 
servo-controlled  testing  system.  The  appropriate  feedback  parameter 
is  discussed. 

14.  Variation  of  the  modulus  of  the  beans  and  discs  were  observed  as 
fracture  progressed.  These  variations  can  be  used  to  estimate  the 
crack  length  in  a  failing  structure  at  any  point  of  the  test. 

15.  The  Brazilian  and  ring  test  indicated  a  wide  range  of  apparent 
tensile  strength,  which  was  satisfactorily  explained  using  the 

'work  of  fracture'  and  'effective  crack  length'  as  the  relevant  material 
properties. 

16.  The  maximum  load  carrying  capacity  of  a  Brazilian  or  ring  type  test 
may  not  be  that  required  to  cause  a  splitting  crack.  Subsequent 
loading  of  the  structure  can  exceed  that  to  cause  vertical  splitting, 
and  could  be  misinterpreted  as  being  the  load  related  to  tensile 
failure. 


e.lement  technique  associated  with  the  correct  internreta- 
tiun  of  crack  growth  within  a  structure  can  be  used  to  interpret 

fSl  bft^np  ^^1”8  °Sacity  of  any  Z*-™  structure  that  will 
™  11  fracture.  This  apparent  tensile  stress  at  which 
failure  occurs  is  not  a  natural  property  but  siirply  a  result  of  t-hp 

bping  ccnsidered  ^d  the  material  properties 
5Sq0f  ^acture' ,  effective  crack  length  and  the  elitifSon?’ 

£Srent^r”^“  ^  be  e^Cted  ^ 
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(b)  Crack  Growth 


Figure  2.1:  Two  fundamental  (nodes  of  failure  of  an  Ideal  material. 


2.3:  Typical  crack  growth  experiment. 


Soft  System 


Stiff  System 


Compliance  Charge,  ,  Results  from  a  Change  in  Crack  Area,AA. 


Energy  Change  per  Unit  Fracture  Area  in  Both  Cases  Converges  to 


as  AA  Approaches  Zero. 


Figure  2.4:  Illustration  of  applied-force-otlffhess  in  failure  criterion. 
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finite  element  meshes  and  crack  lengths  used  in  crack  simulation 
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2.9:  Theoretical  prediction  for  the  direct  tension  test. 


Theoretical  predictions 


Theoretical  predictions  for  the  hydraulic  fracturing  test. 


Comparison  of  theoretical  predictions  for 
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Figure  2.17:  Possible  variations  of  work  of  fracture  with  crack  length. 
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Figure  2 .18:  Variation  in  beam  modulus  for  different  crack  lengths 
illustrating  the  effect  of  a  pre-existing  crack. 
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Figure  2.19:  The  Influence  of  a  pre-existing  crack  and  testing  machine 
stiffness  on_ the  complete  force— displacement . 
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Figure  2.20:  The  Influence  of  permanent  deformations  on  the  complete  force- 
displacement  curve . 
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Figure  2.21: 


S  representation  of  the  stages  of  development  of  a  danage 
zone  around  a  machined  slot  In  rock.  Initially  only  a  few  fresh^ 
microcracks  are  present  as  In  (a).  On  loading  the  rock  flrsrSsnond^ 
aiasticaHy  corresponding  to  Region  I  and  only  a  few  microcracks  £e 
°n  Wea^est  interfaces,  (b).  Then  in  (c)  the  damage  has  te- 
R°"JnljlT?nSeT7fldn?preads  rapldly  leadlrg  to  inelastic  behavior  as  in 
^-naliy’  the  ReSion  111  behavior  is  shown  at  (d)  where 
the^aln  crack  and  the  damage  zone  extend  together.  After  HOAGLAND 
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Figure  2.22:  Degree  of  Fracture  Path  Deviation  from  a  Straight  Line 
is  a  Function  of  the  Stress  Gradient . 


Figure  2.25:  The  Beam  Bending  Apparatus 
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Figure  2.28:  F^c^conpiete  force-displacement  curves  for  plexlglas 
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Figure  2.29:  Corrparison  of  theoretical  and  experimental  modulus  versus 
crack  length  and  load  versus  crack  length  curves. 
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Figure  2.31:  Force  -'vertical 'displacement  and  force  -'horizontal' 

failSeement  CUrV6S  characterizlng  controlled  granite  beam 
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Figure  2.32: 


Complete  force-displacement  curves  illustrating  the 
progressive  reduction  in  beam  unloading  modulus. 


Figure  2.33:  Experimental  Output  for  Notched  Granite  Beam 
(10"  x  3"  x  1"). 
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Figure  2.39:  Continued:  (b)  Ring  test  small  hole. 


Continued:  (c)  Disc  (no  hole). 


Figure  2.40:  Photograph  of  Cracked  Granite  Rings 
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Figure  2.41:  Determination  of  Crack  Length  in  Cracked  Granite  Disc 


CHAPTER  3 


PROGRESSIVE  COLLAPSE  OF  SIMPLE  BLOCK-JOINTED  SYSTEMS 


Introduction 


This  paper  describes  the  initial  phase  of  an  investigation  which  it  was 
hoped  would  be  developed  to  include  general  polyaxial  loadings.  This  work 
was  proposed  after  an  extensive  review  of  the  literature  pertaining  to  the 
failure  of  block  minted  systems,  this  review  is  presented  Sl^dS  T 

The  present  concern  is  with  the  simplest  possible  loading  pattern  uni- 

S^00^3510"-  1MS  WaS  Ch0sen  as  the  step  in  ttep^gSTbeSse 

SPnn  . appsn^nt  Simplicity,  and  some  l^ght  argue  triviality^  it  provides 
the  opportunity  to  develop  experimental  techniques  and  study  at  least  one  load¬ 
ing  situation  in  some  detail.  As  more  complicated  loadings  are  applied  it 
ecomes  necessary  to  contain  the  specimen  in  a  test  vessel  of  some  kind ’so  that 

l0nSGr  P?SSlbla  to  observe  the  specimen  directly  as  can  be  done  in 
axiai  conpression.  Thus  the  uniaxial  compression  test  can  be  used  to  obtain 

other^ypes^of^tes t s deforTOatlon  ^  which  may  not  be  obtainable  from 

autoStSfvvep??mi'n^natha^aJ'1  specJjnens  would  be  tested  in  uniaxial  conpression 
automatically  eliminated  certain  specimen  configurations  from  the  program.  Speci- 

n^ns  containing  throughgoing  joints  for  exanple,  will  be  unstable  under  self-weight 

°ltl;e.JOlnt  t0  the  horizontal  exceeds  Se  LSTof  SioSof 
of  the  joint  (for  smooth  joints  with  zero  "cohesion").  The  case  of  slip  on  a 
continuous  joint  is  further  complicated  by  the  need  to  provide  for  lateLl  trans¬ 
lation  at  the  specimen  ends  if  the  effect  of  unknown  later  restraining  forces 
are  to  be  eliminated  (Ref.  1,  2).  Because  of  these  factors,  the  case  of  a  svstem 

TU^lSco^ress“n1?esS.:ln!:ltaed  JOl"tS  WaS  "0t  telUCied  thls  P*®™1 

nr,  e^?eption3  Prevlous  ^del  tests  have  been  carried  out  using  conventional 

nf  ra-i-in-no  oadfrig 3yst®ms-  This  has  been  a  serious  impediment  to  the  complete  study 
failure  mechanisms  involving  brittle  fracture.  The  question  of  machine-specimen 
interaction  has  been  accorded  due  attention  in  the  recent  literature  (e.g.  Refs 
3,  4  2)  and  its  significance  need  not  be  repeated  here.  The  experiments  repoked 

SrStSl!dCSf( or^h^fr/^0"00^1,011^  tSStlns  system  which  Pennitted  Control 
an  detailed  study  of  the  fracture  process  in  a  manner  not  previously  possible. 

In  the  past,  little  attention  has  been  given  to  the  measurement  of  deformations 
in  general,  and  volume  changes  in  particular.  The  limited  evidence  available  most 

?y  ?°sr4ad<fef:  5>,  suggests  that  Id  a  blook-JoCl^f 
he  gradients  of  principal  strain  magnitudes  and  directions  are  much  larger  and  more 
unpredictable  than  those  In  an  Intact  block  of  the  sate  material  SeStlSal 

a?f?:  Jt  Imperative,  therefore,  that  attention  should  be  given  to  the 

accurate  recording  of  deformations  in  any  basic  investigation. 
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EXPERIMENTAL  METHOD  AND  RESULTS 


Experimental  Model  Material 

The  material  used  was  a  high  strength  gypsum  plaster  specifically  chosen 
because  of  its  very  brittle  nature.  One  of  the  many  difficulties  encountered  in 
attempting  to  produce  an  exact  material  model  of  a  given  rock  mass  is  that  the 
resulting  model  material  is  usually  very  soft  (Ref.  6,  7),  and  so  cannot  accurately 
reproduce  the  brittle  post-peak  behaviour  of  the  prototype  rock  (Refs.  1,  2). 

In  the  present  case,  no  attempt  was  made  to  accurately  model  any  particular  rock 
mass,  the  investigation  being  regarded  as  a  very  general  one  with  the  inherently 
brittle  nature  of  the  material  being  a  prime  consideration. 

The  model  material  was  produced  by  mixing  plaster  and  water  in  the  ratio  of 
1:0.35  by  weight,  stirring  in  a  mechanical  mixer  for  5  minutes,  pouring  into 
specially  designed  steel  moulds,  vibrating  gently  to  remove  entrapped  air  bubbles, 
and  following  initial  setting  and  stripping  of  the  moulds,  curing  in  an  oven  at 
40°C  until  constant  weight  was  achieved. 

Three  types  of  unit  block  were  produced: 

(a)  4-in.  x  4-in.  x  8-in.  (10.3  cm  x  10.3  cm  x  20.5  cm)  rectangular 
prisms  (the  unjointed  specimens), 

(b)  1-in.  x  x-ln.  (2.5  cm  x  2.5  cm)  square  x  4-in  (10.3  cm)  long  blocks, 

(c)  blocks  with  a  hexagonal  cross-sectional  area  of  1-in2  (6.5  cm2)  and 
4-in.  (10.3  cm)  long. 


These  unit  blocks  were  arranged  to  form  four  specimen  types : 

1)  Unjointed  specimen  (solid) 

2)  Square  blocks  (SO  specimens) 

3)  Hexagonal  Blocks  at  60°  (H60) 

4)  Hexagonal  Blocks  at  30°(H30) 

which  are  illustrated  in  figure  3-1.  All  specimens  were  4-in.  x  4-in.  x  8-in. 
(10.3  cm  x  10.3  cm  x  20.5  cm)  rectangular  prisms.  The  use  of  these  four  specimen 
types  permitted  the  investigation  of  block-jointed  systems  with  two  dimensional 
extents  of  jointing  of  zero,  one  third  and  one.  Two  additional  tests  were  con¬ 
ducted  containing  transverse  holes,  these  two  specimens  are  shown  in  Figure  3-1. 

Experimental  Apparatus 

The  University  of  Minnesota's  1  million  lbs.  (4.45  MN)  closed  look  servo— con¬ 
trolled  testing  system  was  used  to  apply  the  axial  load  to  the  specimens.  Axial 
deformations  were  monitored  by  a  pair  of  strain  gauged  cantilever  devices,  the 
output  from  which  was  used  as  the  feedback  sigial.  A  digital  ramp  generator  was 
used  to  program  axial  strain  to  increase  at  a  fixed  rate. 

plots  of  axial  load  against  axral  deflection  were  obtained  as  experimental 
output.  Values  of  axial  deflection  so  obtained  were  corrected  for  the  effects  of 
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compression  of  the  various  steel  conponents  in  the  loading  system,  these  cor¬ 
rections  having  been  pre-determined  in  a  series  of  calibration  tests. 

In  some  tests,  a  second  set  of  cantilevers  was  mounted  laterally  on  the 
specimen  to  monitor  lateral  deformations.  While  not  giving  a  true  measure  of 
the  total  lateral  component  of  volumetric  strain  of  the  specimen,  these  results 
were  used  to  give  some  qualitative  indication  of  the  volume  changes  to  be  ex¬ 
pected  in  block-jointed  systems. 

A  simple,  but  apparently  effective  system  was  devised  for  transmitting  machine 
load  to  the  specimen  uniformly  over  its  top  and  bottom  surfaces.  This  system  con¬ 
sisted  of  a  4-in.  (10.3  cm)  square  x  0.25-in.  (0.64  cm)  thick  copper  "flat-jack" 
filled  with  oil  and  sealed,  a  steel  platen  which  constrained  the  flat-jack  lat¬ 
erally  and  through  which  the  machine  load  was  applied,  and  64  ground,  one-half 
inch  cubical  steel  pieces  through  which  the  load  was  transmitted  to  the  specimen 
must  have  been  closely  uniform  (this  loading  system  is  diagramatically  shown  in 
figure  3-2,  and  an  actual  photo  loading  system  after  a  test  can  be  seen  in  figure 


During  each  test ,  25-30  photographs  were  taken  at  regular  intervals  in  relation 
to  the  complete  load-deflection  curve  so  that  a  detailed  record  of  the  behaviour  of 
specimens  would  be  available  for  subsequent  analysis. 

Progressive  dollapse  mechanisms 
Unj  olnted  Specimens 

Ten  photographs  showing  progressive  collapse  of  one  of  the  solid  specimens, 
together  with  the  associated  complete  load-axial  deflection  curve  are  shown  in 
figure  3-3. 

The  curve  is  linear  up  to  Q0%  of  the  peak  load  where  the  first  of  many  local 
peaks  occur;..  The  first  visible  fracture  occurred  at  the  side  of  the  specimen 
(photograph  2  in  figure  4-2)  at  about  70 %  of  peak  load  but  was  not  reflected  by  a 
change  in  slope  of  the  load-deflection  curve.  The  next  cracks  to  appear  developed 
just  before  the  peak  load  was  reached  (point  3)  and,  like  the  first  crack,  were 
clearly  axial  and  very  much  longer  than  the  cracks  observed  in  most  rocks  tested 
under  similar  conditions.  The  fact  that  the  cracks  which  developed  in  this  and 
other  specimen  types  were  generally  axial,  point  to  similarity  between  the  be¬ 
haviour  of  the  plaster  and  that  of  rock.  Recent  research  into  the  brittle  fracture 
of  rock  has  shown  that  at  low  ambient  pressures,  fracturing  in  rock  primarily 
occurs  parallel  to  the  direction  of  the  major  principal  stress,  and  tha1;  the  shear 
fracture  corrmonly  assumed  to  be  dominant  is,  in  fact,  a  secondary  feature  (Refs. 

3,  4,  8,  9). 

A  notable  feature  of  the  load-deflection  curve  obtained  for  this  and  other  solid 
specimens  is  the  sudden  drop  in  load  which  occurs  in  the  immediate  post-peak  region. 
It  would  appear  that  this  results  from  the  very  rapid  propagation  of  a  fracture  which 
is  not  detected  and  arrested  by  the  servo-control  system  until  the  load  bearing 
capability  of  the  specimen  has  been  significantly  reduced.  It  should  be  noted  that 
in  tests  previously  carried  out  on  similar  specimens  in  a  conventional  hydraulic 
testing  machine  (Refs.  10,  11),  explosive  fracture  of  the  specimens  occured  at  this 
point. 
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deflection  curved  thetWdiaterpost1SSkareeiby  thS  ^tf'epness  of  the  load- 
fine-grained  and  relatively  homogeneous^?^  r?glon' »  ^bably  results  from  its' 

to  that  K  %££££ 

-^.proven  -  3^^*^ 

curve  shows  a  serie^of^cal^eaks^each  followed^  the  load-axial  deflection 
Each  of  these  reductions  in  load  result s  fr^m  th  ^ni  ?  SUdden  ^  °ff  ln  load- 
which  is  not  immediately  detected'  hv  fS  ™  the  pld  Propagation  of  a  crack 
control.  Following  each  of  these  locS  lo^^^f1  operatinS  in  axial  strain 
la  leaa  than  that  which  the  SSL^^tS?^Vthe,3x>ad  °n  the  Specimen 
vdien  further  energy  is  sunnlied  t-n  t j  ,  at  that  Point.  Consequently 
punp,  an  increase  in  load^ccurs.  As  defoStiJn  theservo-controlled  hydraulic 
the  sPeeimen  steadily  decreases  the  . ro^tion  continues  and  the  mean  load  on 
reduesa  mtu  a  s»oth  curve  ftaally  “Sits  Srff6  local  oscillations  in  load 
loads,  there  is  less  energy  stored  in  th«.  I  OCGUrs  because,  at  the  lower 

jw-ch  can  then  be  controlSd  at  Ser  VJ  the  P^Pa^ting  cracks 

behaviour  was  observed  in  the  SO  ^d^Omodelf!  °f  thGlr  developraent-  Similar 

Square  Blocks  (SO) 

hand  and^ower^ight^Lfbl^ks  S  a^ad^l  ^  the  extreiTe  uPPer  left- 

Sraph  2).  m  the  region  of  the  neL  f^Sen  leSf  than  the  peak  See  photo¬ 

rapid  reduction  in  load  to  66%  of  the*]2k  value*1  At^hi^  d?valoped  causing  a 
^ing  fractures  had  appeared,  fracturing  being 

in  Photo^aphhfLveSpld^^fSo^rt131^8  ShOWn  ^  the  upper  left-hand  block 
left-hand  column  of  blocks  progressively  ^ntat^  deformation  along  this  fracture,  the 
causing  the  left-hand  vertical  nt Sy  rotated  ln  3X1  ^l-clockwise  direction 
bottom  to  top.  With  the  development  of  thi!  Prognessiveiy  along  its  length  from 
the  left-hand  t  o  other  columns  of  blocks  ultimate?^5  1?J?  was  transferred  from 
cracking  and  total  collapse  of  the  r^tlhSd^lS.  ^  Severe  ^lal 

the  so2^2f^3tStWSSiSdu2hcSr  °f  ““‘‘-Jointed  specto  and 
being  generally  confined  to  Sthin  1  sh°rter  ln  the  jointed  specimen 

permits  rotation  of  blocks  or  column^of  blJniSS??1  that  the  presence  of  jointing 
and  reductions  in  load  not  found  in  the  solid  specime^S°Clated  l0Cal  concentrations 

Hexogonal  Blocks  at  60°  (H60) 

one  of  the  of  the  central  section  of 

curve  are  shown  in  figrre  ^  SL^b^^ 
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the  specimen  for  added  stability  during  setting  up  was  cut  at  approximately 
gr^hed^0171  ^  °f  the  specljnen  so  that  the  middle  4-in.  could  be  photo- 

no#  ^e.i°ad“f,xlf-  defJectd°n  curve  obtained  for  this  specimen  is  linear  up  to 
93%  of  the  peak  load  when  the  first  observable  cracks  appeared  and  a  small  local 

ZrXtlT  *2  °,CCUred>  ^ese  cracks  (ph°to^aph  2)  were  vertical ^^sub- 
vertical  and  did  not  propagate  from  block  to  block  across  horizontal  ioints  In 

some  cases  the  cracks  extended  to  these  horizontal  joints,  whiS  iTothS  ihey 
d  not  reach  the  boundaries  of  the  block,  suggesting  that  they  were  initiated 

CSntf  ?f  bl0Ck<  obse^ion  is  supported  by  the 

ults  of  a  stress  analysis  of  hexagonal  blocks  carried  out  using  the  finite 

element  method.  Lateral  tensile  stresses  of  up  to  17%  of  the  applied  pressure 

St  M^^  ChntSr  °f  the,hexagon-  Approximately  56%  of  the  cross - 
?pSph  ?  1  f  heXagon  carrles  a  lateral  tensile  stress.  Towards  the 

of  S  SactuSs  be°°mes  e?tlrely  conpressive,  giving  some  idnication 

of  IS  initiated  near  the  centers  of  blocks.  Even  a  cursory  examination 

?n  IS  fract^e  surfaces  showed  that  these  and  almost  all  other  fractures  produced 
in  the  investigation  were  of  a  tensile  rather  than  shear  nature.  The  fine  white 
powder  characteristically  produced  when  shear  movements  take  place  between  surfaces 

£  SsLhS  n0taWy  3bSent  ^  311  bUt  the  fe"  isolated  cases 

A  second  major  mechanism  obr  erved  in  these  tests  was  the  progressive  oDenine 

contribited^imlfl^ani-r1?  davedoped  wlth  increasing  axial  deflection.  Ihis^ 
1S?lfl  tby  t0  the  devel°pmenu  of  large  lateral  deflections  and 

columns^  ^  ^  lnGreaSed  tendency  for  the  specimen  to  act  as  a  number  of  independent 

has  Sm^hinfluencea^r1rTS0ni?f  ^  ( Photograph  4)  a  third  mechanism  which 

,  ,,  l^fluence  on  the  ultimate  behaviour  of  the  specimen  appeared.  This  was 

hear  displacement  of  one  half  of  a  cracked  block  with  respect  of  the  other  half. 
Ihis  generally  resulted  in  the  displaced  portion  of  the  block  becoming  wedged  into 

“  °f  that  JOlnt  -nfualttaSS 

As  the  axial  deflection  was  increased  and  the  load-bearing  capability  of  the 
^aJ^Ldacreased  farthef  >  existing  cracks  widened,  new  cracks  developed  and  Joints 
i  t0  °fSnp  A?foclated  thls  progressive  breakdown  of  the  specimen  was 
the  development  of  quite  large  lateral  deflections.  At  points  3,  6  and  9  for 

denertimf^nh^611^0"13^61,6  mf;asured  as  2,  6  and  10  times  the  corresponding 
®^aJLdefle^01?S;  Obvlously ,  the  number  of  degrees  of  freedom  associated  with 

Jointed  and  unjointed  specimens.  Any  attenpt  to  mathematically  analyse 

accomtP1ftlfb??t1°lf’  °f  bloc^y  discontinua  must  necessarily  take  this  factor  into 
account  if  it  is  to  be  successful  (e.g.  Ref.  12). 

Hexagonal  Blocks  at  30°  (H30) 

The  behaviour  of  the  H30  specimens  as  illustrated  in  Figure  3-6  varies  con- 
siderably  from  that  of  the  other  specimen  types  tested.  Ihe  form  of  the  load- 
deflection  curve  differs  from  that  recorded  in  other  tests,  and  the  peak  load- 
bearing  capability  is  quite  low. 
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peak^af "SSS^  de^ooedl  ^“eiy  2°*  <*  the 

seoS"^i^  ?&“Sr 

SCsJb!verticalf  ^sfdifferSces0^ 

as  well  as  normal  stresses  }-n  <-h(a  wm  !rUt  ^esult  111  the  application  of  shear 
opposite  t£°o?t£  L^SS^iSS^r “  *  *» 

was  SS  p“^sslwno^fSnf1ertLaf ' ?T^°S  beha’'lour  °f  tMs  ■*«*«. 
tag.  Obviously,  this^canonlv  resSf^m  SJf5  ?he,ve^  begtanlng  of  load- 

cases,  rotation  of  Isolated  blocks  The  slln  on°ln?Hi  Jolnt3  Dr>  ln  sonB 

opening  ud  of  vertical  one^  rZ^uilL*  7 JtZ  ^clined  Joints  and  associated 

having  a  mean  orientation  of  eo^tothe  base^fThp011  of stepped  "shear "  planes 
significance  of  this  slip  mechanism  the  Stpfn  DeSplte  the  obvlous 

great  as  those  in  the  H60  specimens  *  At  thP  deflecbl°ns  measured  were  not  as 
the  test  represented  in  figure  ^-6  'the  deflectlon  cached  in 

contraction,  in  the  H60  sSJn  *the  expdJ\slon  was  three  tines  the  axial 

contraction  at  the  same  vlaue  of  Ixlal  LnSiom  ^  WaS  tW6nty  tljneS  the  axial 

B1°ck  Jointed  Models  Containing  Transverse  Holes. 

containing  for  the  hexagonal  blocks 

failure  development.  ’  associated  photographs  Illustrating  the 

Of  tSwoS£nr^  splitting 

^rLltaSSs  0S?1SwE  °k°Js  ^“pSer^fipTaS^ 

tually,  two  well  foiS  cores  of  Issentill^Ss^JT1^1'^1®  Nation?  Even- 
openlng  Illustrating  Ite Tni  .  wedges  "cve  Into  the 

to  large  latere?  SforStims!^  restrictive  nature  of  the  end  condition 

Comparative  Peak  Strengths: 


reacSd^lSTfStS^a?  Mst^^  eVldeT  presented  that  the  peak  load 
opment  of  any  particular  fracture  of  ef  J  sPecimen  ls  not  associated  with  the  devel- 
not  occur  a^thM  SP„Ph™“0n-  1>e-  fracture  or  slip  does 

consequence  from  a  mechanistic  viewnoint  l3ad  would  appear  to  be  of  little 
point  at  which  th?  ITt/rYf*  ??  that  dt  the 

from  positive  to  negative  rfowr+vn  i  bo  be  followed  by  the  machine  changes 
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was  not  the  mechanism  of^'failSe"  involved  father  ?ttaU0US  J°lnt  plane 
specimens  in  which  fracture  of  the  mSo  /fhr>  11  VK~  obtained  using 
operating.  Ihe  observed^f?eremer£  C  Sf/33  th6  mechanism 

arise  from  differences  in  the  SreS  Sstrt^M  ^  c!PabUlfcy  almost  certainly 
different  joint  patterns.  This  SfsS?«  P1f'U°ed  dolmens  with 

influence  of  jointing  on  the  strength  11  practical  warning  that  the 

even  *. limit  A*™ mSf Sf  ~f<te?s  Vf?  5? 

of  the  joints  are  critically  oriented  for  slip?  R  f  13  ’  2)  indicate  that  one 

TABLE  3.1 


Specimen 

iVpe 

Beak  Loads, 
lbf .  (kN) 

Mean  Peak 
load,  lbf. 
(kNO 

Equivalent  average 
axialpStress,  lbf  /in2 
(MNm  ) 

SOLID 

79,000  (352) 

78,000  (347) 
76,400  (340) 

77,800(346) 

4,860  (33.5) 

SO 

42,100  (187) 
58,800  (262) 
44,600  (198) 

48,500(216) 

3,030  (20.9; 

H6o 

21,000  (  93) 
25,800  (115) 
29,300  (130) 

25,400  (113) 

1,590  (n.o) 

H30 

5,500  (24.5) 
4,960  (22.0) 
6,020  (26.8) 
6,090  (27.1) 

5,640(25.1) 

350  (  2.4) 

INCLUSIONS 


and  SsteTKi^fi^p^Tf  «»■*-.  prepared  from  a  brittle  materi, 
possible  mechanisms  including  1  Pr0gresslve  Phenomenon  involving  severa! 


a) 

b) 

c) 

d) 

e) 


£  SSSdS  bScS*  eBneraUy  extensi°”> 
“i^TjirpSsf  blooks’by  rotation « 

shear  deformation  of  individual  blocks,  generally  along  ft-acture  surfaces 

continui^ofhjotTSr^d^th^he^ta^of  S/hl''1/  th®  orlentetlon  and 
generally  develop  parallel  to  the  direction  of  fact  that  ^actu 

considerable  significance  and  rm^t  ,  ^tlon  °f^the  major  principal  stress  is  of 
failure.  S  mst  be  “counted  for  in  any  acceptable  theory  of 


and  srs  s  Ss  r£  J01nt  pattem 

down  mechanism,  strengths  of  lolnted  qnpMmonc  f  blocks  Is  the  dominant  break- 
those  of  unj  ointed  sSns/ISs  feat^TS  ***x*Uertoly  lower  than 
is  seen  to  be  the  result  of  t-ha  va^i„  **  *>*>  j?be  behaviour  of  jointed  media 
can  exist  In  blocks  of  different  shapL^d6^  distribution  of  stresses  which 
which  do  not  exist  in  unjionted  sDPnWnd  entations.  Shears  and  moments 
Any  initial  lack-of-fit  an  inherent ^  easlly  set  UP  in  jointed  media, 
the  lnhomogeniety  of  tte  distribution  of  streLefSt^btedL^3363 '  1,111  3dd  t0 

slip  can  occur  on  Joiit^Se^VeitliS^iLts^lth0"  f  the  degree  to  "hlch 
in  slip  mechanisms,  can  open  and  so  add  s,  although  not  directly  involved 

lateral  deformations  estimated  from  the  results^  mia^f^3'  VeTy  large 
carried  out  in  this  program  are  nrehabiv  nfittf  ^axial  compression  tests 

in  most  engineering  sitStions  the  applied  loadS  wilf f  lGanCe  Since 

that  some  degree  of  constraint  will  bSiTl  5 11  be  blaxlai  or  polyaxial  so 
gation  of  these  situations  offered.  Future  work  will  involve  invest i- 

take  into  account  ail  aspects  of^h^discontin6  problfms  consideration  must 
they  are  to  produce  realistic  resets ?n °f  Jolnted  if 

are  free  to  both  rotate  and  translate  'must  fact  that  some  blocks 

only  influence  displacements  but  can  aiqn  rr-t  ^oognized.  Ihese  mechanisms  no. 
stresses  within  blocks  3130  glve  rfse  to  ^or  redistributions  of 
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Hexagonal  (60°) 


Hexagonal (30°) 
(d) 


Square  with  Hole 


Hexgonal  with  Hole 
(f ) 


Figure  3.1:  Specimen  types  tested  under  uniaxial  loading 
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"Ure  3.2:  Loading  system  to  ensure  the  application  of  a  uniform  load 
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Figure  3. 3:  Experimental  output  for  solid  block. 
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CHAPTER  4 

VOLUMETRIC  STRAINS  IN  TRIAXIAL  COMPRESSION  TESTS  ON  BLOCK  JOINTED  MODELS 


•»  > 


Introduction 

Previous  phases  of  this  investigation  have  been  concerned  with  the  behaviour 
of  block-jointed  systems  under  uniaxial  stress.  .Although  these  studies  have  proven 
useful  in  identifying  possible  collapse  mechanisms  in  jointed  media  and  pointing 
to  major  differences  in  the  mechanical  behaviour  of  jointed  and  unjointed  rock, 
they  are  of  limited  practical  value  because  the  loading  pattern  used  in  one  rarely 
met  in  practice. 

As  an  initial  stage  in  the  investigation  of  the  behaviour  of  jointed  rock  masses 
under  general  polyaxial  stress,  a  series  of  "triaxial"  compression  tests  in  which 
the  intermediate  and  minor  principal  stresses  a^e  equal,  were  carried  out  on  ideal¬ 
ized  block-jointed  models.  Recent  studies  of  the  behaviour  of  intact  rock  in  tri- 
axial  compression  have  shown  that  volumetric  strain  measurements  provide  a  sensitive 
indicator  of  the  initiation  and  subsequent  growth  of  cracks  in  rock  .  In  carrying 
out  such  studies.  Crouch1'  developed  a  reliable  and  accurate  method  for  measuring 
volumetric  strains.  It  seemed  that  there  was  much  to  be  gained  by  applying  this 
method  to  block- jointed  models  in  which  volumetric  strains  must  assume  considerable 
significance  because  of  the  previously  demonstrated  tendency  6f  block  rotation, 
joint  slip  and  opening  of  joints  under  load. 

EXPERIMENTAL  PROGRAM 

Tests  were  carried  out  on  idealized  models  of  jointed  rock  prepared  from 
gypsum  plaster  using  techniques  described  elsewhere.  All  specimens  were  rectangular 
prisms  approximately  8  in.  (.20.3  cm)  high  by  4  in.  (10.2cm)  square.  Pour  specimen 
types  were  tested. 

a)  SOLID  specimens  cast  as  one  block  to  simulate  unjointed  rock. 

b)  SO  specimens  prepared  fr?om  4  in.  (10.2  cm)  long  by  1  in.  (2.54  cm)  square 
blocks  such  that  they  contained  two  sets  of  mutually  perpendicular  joint 
planes  oriented  parallel  to  the  boundaries  of  the  specimens. 

c)  H60  specimens  prepared  from  hexagonal  blocks  such  that  they  contained  three 
sets  of  intermittent  joints  oriented  at  angles  of  60°,  60°  and  0°  to  the 
base  of  the  specimen. 

d)  H30  specimens  prepared  from  hexagonal  blocks  such  that  they  contained  three 
sets  of  intermittent  joints  oriented  at  angles  of  30°,  30°  and  90°  to  the 
base  of  the  specimen. 

These  specimen  types  are  illustrated  in  Figure  4-1. 

Triaxial  compression  tests  were  carried  out  on  each  of  these  specimen2types 
at  confining  pressures  of  50  lb/in  (345  kNnf  )  and  250  lb/in  (1724  kNm  ).  These 
low  confining  pressures  were  us°d  because  the  brittle  -  ductile  transition  pressure 


of  the  plaster  used  as  a  model  material  is  quite  low,  and  it  was  considered  im¬ 
portant  that  brittle  rather  than  ductile  behaviour  should  be  investigated.  Further¬ 
more,  confining  pressures  are  low  in  many  engineering  situations  of  practical 
interest  (e.g.  around  some  underground  openings  and  in  slopes). 

EXPERIMENTAL  TECHNIQUE 


Tests  were  carried  out  in  the  closed-loop  electro-hydraulic  testing  system 
described  previously.  Specimens  were  enclosed  in  a  specially  constructed  triaxial 
test  vessel.  Axial  loads  were  applied  to  the  specimens  via  a  3«0  in.  (7.62  cm) 
dia.  high  tensile  strength  steel  ram  and  the  loading  heads  described  elsewhere. 

Latex  rubber  membranes  sealed  to  the  loading  heads  with  O-rings  were  used  to 
isolate  the  specimens  from  the  oil  under  pressure  in  the  test  vessel.  Axial  loads 
apolied  to  the  specimens  were  monitored  by  a  load  cell  placed  between  the  ram  and 
the  upper  platen  of  the  testing  machine.  Total  axial  deformation  of  the  specimen 
and  the  loading  system,  used  as  the  feedback  signal  through  which  experiments  were 
controlled,  was  measured  by  two  LVET's  connected  in  series.  In  all  tests,  contin¬ 
uous  plots  of  differential  axial  load  against  total  axial  deformation  were  obtained 
on  an  X-Y  recorder. 

The  method  used  for  measuring  the  volume  changes  occurring  in  the  specimen  under 
test  depends  on  the  fact  that  the  volume  of  a  fluid-filled  pressure  vessel  must  be 
adjusted  to  compensate  for  lateral  expansion  of  the  specimen  if  the  fluid  is  to  be 
kept  at  constant  pressure.  If,  as  in  Crouch’s  tests,  the  ram  is  of  the  same  diameter 
as  the  specimen  the  amount  by  which  the  volume  must  be  adjusted  provides  a  direct 
measure  of  the  lateral  component  of  volumetric  strain.  If,  as  in  the  present  case, 
the  cross-sectional  area  of  ram  and  specimen  differ  an  axial  strain  dependent 
correction  must  be  applied  to  the  measured  volume  change  to  obtain  the  volume  change 
in  the  specimen. 

Hie  pressure  in  the  test  vessel  was  controlled  by  a  pressure  intensifier  with  a 
threaded  (20  threads/in.)  plunger  0.50  in.  (1.27  cm)  in  diameter.  During  tests  tne 
confining  pressure  as  indicated  on  a  pressure  gage  could  be  kept  constant  to  within 
about  0.5  lb/in  by  manual  displacement  of  the  pressure  intensifier  plunger.  This 
displacement  was  transferred  to  a  40  turn  potentiometer  by  a  friction  drive.  The 
output  of  the  potentiometer  and  the  differential  axial  load  were  plotted  contin¬ 
uously  on  a  strip  chart  recorder  throughout  each  test. 

The  tests  were  carried  out  by  first  applying  a  small  axial  load  of  sufficient 
magnitude  to  prevent  the  ram  being  forced  upwards  as  the  cell  pressure  was  ueing 
applied.  When  the  cell  pressure  had  reached  the  test  valve,  all  recorders  were 
zeroed.  Thus  tne  axial  forces  recorded  were  the  differential  rather  than  total 
axial  forces,  and  the  volumetric  strains  recorded  did  not  include  the  component  of 
volumetric  strain  resulting  from  the  application  of  the  confining  pressure.  Once 
this  initial  equilibrium  position  had  been  established,  the  machine  was  switched 
to  strain  control  and  the  specimen  was  loaded  in  the  usual  way. 

Careful  calibration  tests  were  carried  out  using  an  8  in.  (20.3  cm)  by  4  in. 

(10.2  cm)  square  block  of  aluminium  as  the  test  specimen.  From  the  results  of 
these  runs,  the  corrections  that  must  be  applied  to  the  measured  total  axial  def¬ 
ormations  and  volumetric  strains  in  order  to  determine  specimen  behaviour  were 
computed. 
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RESULTS  AND  DISCUSSION 


Dad  Bearj 


a  f,“  the  I*—*  **•  and  In 

results  confirm  a  preSoS  HnSS^tha?  m  Sf  f6  Sh°^  Table  ^  ®*se 
strengths  of  the  jointed  modSsfartl  cni^i  pressure  range,  the 

and  H30  models),  are  more  hiehly  c^ln  W  nLth°S8  !fth  lnclined  Joints  (the  H60 
of  the  Uiijointed  material.  It  is  imnortant^  ,^S1^  “^pendent  than  is  the  strength 
strengths  of  the  H50  end  Hfin  men  i  5r,;  t;0  n°te  that  the  difference  in  the 
a  miS  na?L  at  £  "bSf  ’toe"  oase>  ls  °f 

bearing  capability  given  in  Table*  1  arp  £SL2? l,th< l.?6321  values  of  peak  load- 
three  of  four  tests  irTeach  case  i?  diS?  *!?"**  results  of  ^  two> 

general  conclusions  from  then  icult  to  draw  other  than  the  most 


Specimen 

IVpe 


SOLID 

SO 

H60 

H30 


Jjean  Peak  Differential  77(pd  Oh  ' 


a  =  0 

3 


77,800 

48,500 

25,400 

5,600 


a  =  50  lb/in' 

3 


82,200 

61,600 

37,100 

24,700 


o  =  250  lb/in£ 

3 


89,700 

84,000 

56,500 

59,600 


TABLE  4.1  - - - - - - - J 

Load-Deformation  Curves 

Sample  differential  axial  load  (F  )  -  av'qi  /.<, 

in  Figures  4.1  to  4.8.  The  curves  orlsent^'  5™ f ™tion  <A)  curves  are  shown 
the  test  records,  and  in  this  proces-  ha?e  hp^  ’  ^  necessity,  been  replotted  from 

minor  local  jumps  in  the  curves^ynical  of  out  considerably  so  that 

not  shown.  curves, typical  of  the  model  material  during  fracture,  are 

markedly  affectedly  changpse±nhconf 1 nf  ^  post-peak  Portions  of  these  curves  are 
able  in  the  case  of  tS^D^nd  So  ^ls  is  pa^ularly  notice- 

peak  courves  in  unconfined  compressionP  E^nSpt-b^h  ?f  Whlch  have  ver^  steeP  post- 
in  the  present  tests  t  at, the  low  conflnlng  pressures  used 

reduced  considerably’  A  simi^r  nh«thS  post"peak  Portions  of  the  curves  have  been 
thougi  the  confSlr2'pl4ssSs^^nn  ^  been  “e11  ^oc-dmented  for  rock,  al¬ 
most  rocks  are  many  times  those  used  to  these  tests^asSr^deto?  reC°rtel  f°r 
Volumetric  Strains 

to  S?lca™ofo°ftoef  £if.th#  Jff1  “rlc  ste'n  <«««*« 

deformation.  TheselSr^  oSS  differential  axial  load  against  axial 

that  exist  between  the  behaviour  of  Jointed  and^oSjed^erlS01,  <afferences 
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votae'^tiaiJyX^sf'reaoM^a^  ^  (un3°^  specimens,  the 
of  the  peak  of  the  F  -  4  curve.  ^The  rCTeraal  t0  °r  ln  the  region 

strain  occurring  at  f*his  point  is  ini-pwrvsf  ^  sense  °f  the  volumetric 

subsequent  development  of  cracking  within  th  &S  due  to  the  onset  and 
deformation  past  the  peak,  later2  expansion*  nf^h^’  ,With  Creasing  axial 
increasing  rate,  and  the  nett  ,  the  specimen  occurs  at  an 

dilatatio^alj  Such  behaviour  is  fairly  tS^f01”!  T°n  becornes  Positive  or 
pressures1’  2,  although  in  nrast  roS^  thf  ^  tested  at  low  confining 

dilation  of  the  specimen  occS  aT  h  °Z  f  °racklng  “*  associated  ^ 
the  case  of  plaster.  In  this  regard  thn  h^h  c^ntage  of  the  peak  load  than  in 
that  of  dense,  fine-g^aineS  reckf^ch  as  13  more  like 

behaviour  of  the  SOLID  specimens  is  also  ’i^iSn  f1'3.  J°Jenhofen  limestone.  The 
rock  in  that  the  amounts  of  volumetric  and  latera?  that  Pf2viously  observed  for 
with  increasing  confining  pressure.  lateral  expansion  occurring  decrease 

specimens  (containSg^ets^f^vertical116  1°^^  change  behaviour  of  the  SO 
not  markedly  different  f£om  that  of  thP^nr  j°rlzont,al  continuous  joints)  is 
decrease  in  specimen  volume  is  followed  by  dilating?  V  Here  agaln’  30  initial 
with  increasing  confining  pressure  Thp  decreases  in  magnitude 

exhibit  similar  behaviour  in  triaxia]  corrmrv^  g0  specimens 

if  tne  fit  of  the  constituent  bSte  is  Sp  S  "  J?  hardly  prising.  In  fact, 
behaviour  of  the  two  spectaen  types  ’  ““ 

beeo™4c^  Se^at^^SsT^Ttr  "-linear  and 

plots  of  the  lateral  conponent  S^olurr^tnl  of  the  post_peak  ranSe.  Although 

StS^Ss^’tS  Ms*  *■*  *«  «2Sf£  sSi srrs  teve 

previously  obtained  a  similar  result  for  »■ 

hexagonal  blocksh^TqSt?1dlffeSnt SfrLtth  ?!  S!'er;lmn  ‘JPe®  prepared  from 
specimens.  Excepting  ftr  the  H60^L^  f  described  for  the  SOLID  and  SO 
250  lb/in2  ln  whlcnsmall  lStl£  ™  S  „  “  at,a  “"fining  pressure  of 

H30  specimens  dilate  S  to  c^nce^nt  o?Sl^°dT  ’  311  H6°  ^ 

Generally,  the  rate  of  volume  inSJ^TSth (flgares  ^-5,  ^.7,  4.8). 
but  accelerates  presumably  with  the  onset  nf  deformati°n  initially  small, 
range  of  post-peak  deformation  Ultimate  n  cra^lnS>  ^  becomes  linear  in  the 
for  the  SOLID  Ld  SO  spans' an^wSd^ fV,  CUrVBB  occurs 
major  shear  plane  formed  during  post-oeak  def^n^^  associated  with  slip  on  a 
mens  were  removed  from  the  cell  it  ^afSuS  S  tSv  H^en ,tha  H6°  and  H30  speci- 
shear  planes  or  shear  zones  in  addition  t^t he  S a  y  dj  ^  fact’  Gontain  major 
described  elsewhere  for  the  mcSSSed  case  local  axial  cracking 

greater  magnitude  in^he^g^SS^to  srecS16^?^  °f  the  test  311(3  attains  a 
is  directly  attributable  To tte r^liTv types  considered 
tailed  studies  of  the  failure  of  thp^p  L  *  ^  ^  b3ie  and  ^30  cases.  De- 

shown  that  in  addition  to  ft^ct^  of  thfn^  ^  unlaxlal  compression  have 

may  deform  by  block  rotation  STllio  L  i H6°  H3°  specimens 

511(1  Sllp  on  Jolnt  Pianes  with  consequent  openings  of 
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gaps  throughout  the  specimen.  Although  these  modes  of  deformation 
may  be  inhibited  to  some  extent  by  the  application  of  low  confining 
pressures,  it  is  unlikely  that  their  influence  will  be  completely 
ouppressed  in  tests  such  as  those  under  consideration  here. 


Although  the  response  of  the  volumetric  strain  when  specimens 
are  unloaded  was  not  specifically  investigated,  the  limited  evi¬ 
dence  produced  would  suggest  that  when  jointed  specimens  are  un¬ 
loaded  in  the  post-peak  region,  volumetric  strains  are  largely 
irrecoverable. 


CONCLUSIONS 


Crouch's  method  for  measuring  volumetric  strains  in  triaxial 
compression  tests  on  rock  has  been  successfully  applied  to  models 
of  jointed  rock.  The  tests  carried  out  show  that  the  volumetric 
"™n.behaviour  of  J°lnted  specimens  can  be  vastly  different  from 
that  of  comparable  unjointed  specimens.  This  provides  additional 
support  for  the  now  well  documented  phenomenon  that  in  certain 
circumstances  the  mechanical  behaviour  of  jointed  rock  masses  may 
bear  no  relationship  to  that  of  the  parent  rock  material. 

A  wide  range  of  possible  volumetric  strain  responses  have 
been  shown  to  exist.  Some  specimen  types  may  initially  contract 
and  subsequently  expand  as  does  intact  rock,  while  for  other 
jointing  patterns,  specimens  may  dilate  from  the  commencement  of 
loading.  In  all  cases,  the  amount  of  expansion  decreases  with 
Increasing  confining  pressure,  and  the  lateral  component  of  vol¬ 
umetric  strain  may  vary  non-linearly  with  axial  deformation  even 
when  the  axial  force  -  axial  deformation  curves  are  linear.  Non- 
li near  and  irregular  behaviour  Is  likely  to  be  more  marked  in 
jointed  than  In  unjointed  rock. 
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Experimental  results  of  triaxial  tests  on  solid  block  showing  vertical 
voliine  change,  AV,  as  a  function  of  vertical  displacement,  A. 


SOLO,  Ch  =  250  h/rf 


perimental  results  of  triaxial  tests  on  solid  block  showing  vertical  force 
id  volume  change,  AV,  as  a  function  of  vertical  displacement,  A. 


Experimental  results  of  triaxial  tests  on  square  blocks  showing  vertical  force 
volune  change,  AV,  as  a  function  of  vertical  displacement,  A. 


H60,(T?»50b/rf 


H  60.03  =  250  b/cl* 


H  3Q.Uj=  50  b/in1 


H  30.ff-i= 250  fc/if 


Experimental  results  of  triaxial  tests  on  hexagonal  blocks  at  30°  showing  vertical 
force,  F  ,  and  volume  change,  AV,  as  a  function  of  vertical  displacement,  A. 


Chapter  5 


THEORETICAL  STJDY  OF  DEFORMABILITY  OF  JOINTED  ROCK  MASSES 


INTRODUCTION 


The  theoretical  work  briefly  *  viewed  in  this  chapter  was  completed 

of  thls  contr;  (U.S.  Bureau  of  Mines  Research  Contract 
No.  HO  1016 10)  and  funds  were  made  available  in  the  current  contract  to 
collate  this  work  in  the  form  0f  three  publications.  These  publications 
have  been  prepared  and  have  been  submitted  for  publication,  with  copies 
forwarded  to  the  Project  monitor.  These  papers  are: 

i)  "Continuum  Characterization  of  Rock  Masses  -  Part  I  The 
Constitutive  Equations"  by  B.  Singi. 

ii)  "Continuum  Characterization  of  Rock  Masses  -  Part  II 
Significance  of  Low  Shear  Modulus"  by  B.  Singfr. 

iii)  "Reliability  of  Dilatorreter  Tests  in  the  Determination  of  the 
Modulus  of  Deformation  of  a  Jointed  Rock  Mass"  by  B.  Singh. 


Ihe  first  two  papers  have  been  submitted  for  publication  to  the 
International  Journal  of  Rock  Mechanics  and  Mining  Science,  while  the 
third  has  been  submitted  to  A SIM  Symposium  on  Field  Testing  and 
Instrumentation  of  Rock,  September  1973. 

Ihese  three  papers  are  summarized  below  with  details  in  the  published 
papers.  ^ 

CONTINUUM  CHARACTERIZATION  OF  JOINTED  ROCK  MASSES  Part  I.  The  Const! tu- 
tlve  Equations.  — - 


HILL  (5)  has  proved  that  the  average  strain  energy  density  in  any  region 
of  an  elastic  and  inhomogeneous  material  can  be  calculated  from  the  average 
values  of  the  stresses  and  strains  within  that  region.  Ibis  concept  has 
been  used  to  derive  the  general  constitutive  equations  of  a  rock  mass  con¬ 
taining  an  orthogonal  set  of  discontinuous  joints  intersecting  an  anlsotropi 
rock  material.  The  constants  required  for  the  continuum  characterization 
of  the  jointed  mass  are  the  "joint  stress  concentration  factors"  RT,  and  B™ 
(see  Pig.  5*1).  These  are  defined  as  the  ratio  of  stresses  along 
the  joint  to  the  overall  stresses  in  the  rock.  Exact  expressions  for  the 
stress  concentration  factors  have  been  obtained  for  the  case  of  a  rigid  rock 
(i.e.  the  intact  material  between  the  joints)  containing  staggered  compliant 
joints  as  follows: 


(1) 


and  a  correction  is  proposed  for  the  case  where  the  rock  is  (elastically) 
deformable.  These  results  suggest  that  interlocking  between  blocks  of 
rock  may  become  significant  even  for  a  slight  offset  along  the  joints, 
such  as  may  occur  during  shear  deformation  of  a  rock  mass  containing  an 
initially  continuous  orthogonal  joint  set. 

Stress  concentration  factor’s  computed  independently  from  the  results 
of  a  finite  element  program  for  a  jointed  mass  compare  excellently  with 
the  above  mentioned  theoretical  results. 

It  is  farther  shown  that  tensile  stresses  are  developed  inside  a  rock 
with  staggered  joints,  and  may  be  as  high  as  twice  the  overall  shear  stresses 
or  the  overall  compressive  stresses. 

It  is  concluded  that  a  rock  mass  is  rendered  anisotropic  by  any  joint 
set  having  a  preferred  orientation.  Expressions  from  which  the  elastic 
moduli  of  the  equivalent  continuum  of  anisotropic  rock  mass  may  be  obtained. 
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Table  1 


Elastic  Moduli  of  the  Anisotropic  Continuum  Model  of  a  Jointed  Rock  Mass  (Pig.  5.1) 


rock  mass 


Joint 

sets  \ 

Single  joint 
set  normal  to 
axis  2 


Orthogonal 
joint  sets 
normal  to 
axes  1  and 
2 


Orthogonal 
joint  sets 
with  staggered 
cross  joints 
normal  to 
axis  1  (obtain 

and  B,^  from 

equations  1  &  2 


T  1  1  "  ■  -  ■ 

E,  =  RF.E 

1  1  r 

E0  =  RF_E 

2  2  r 

1 

1 

RP1 

>  -- 

rf2 

1 

1 

1  +  Er 

S2KN2 

1  +  Er 

1  +  Er 

^1 

S2«N2 

1  +  ^rr 

1  +  Er 

S1KN1 

S2KN2 

e2'el  g1A2 

due  to 
only  only  a2 


v  v  .RF„  I  +  _JL_ 

1  r  2  n  v 

r  b2KT2 


v„.RP, 


1  vr.RP2  a. 


I  +  _A_  +  _L 

n  1  n  Tr  •  n  t, 


S1KT1  S2KT’2 


v  .RF., 
r  1 


VKF2  i  ^  +  1 

Gr  S1KT1  S2KT2 


Note:  Elastic  moduli  are  defined  by  following  constitutive  equations: 

E1  =  ^i^i  "  °2vr  -  CT3vr)/Er 

e2  =  (_CTivr  +  a2/RF2  *  CT3vr)/Fr 

c  =  (~alvr  "  a2vr  +  a3)/Er 
=  t12/G12 
where  suffix: 

r  =  denotes  properties  of  intact  rock  material, 

1,2  =  denotes  axes  of  anisotropy  which  are  orthogonal  to  joint  sets  1  and  2 
3  =  denotes  third  axis  orthogonal  to  axes  1  and  2. 


Part  II. 


The  Significance  of  Low  Shear  Stiffness 


Finite  element  analysis  is  used  to  compare  the  displacement  fields 
given  by  an  anistropic  continuum  model  of  a  jointed  rock  mass  with  that 
obtained  from  the  discrete  joint  model.  Ihese  computations  reveal 
excellent  agreement  between  the  finite  element  predictions  of  the  joint 
model  and  the  continuum  model,  except  in  the  region  of  steep  stress 
gradients  near  the  loaded  area.  In  the  special  case  where  the  mass 
consists  of  a  single  joint  set  of  very  low  shear  stiffness,  this  model 
breaks  down  due  to  excessive  bending  of  rock  layers. 

The  anisotropic  continuum  model  predicts  a  stress  distribution  that 
is  significantly  different  from  Flamant's  solution  for  a  strip  load  on  a 
semi-infinite  rock  mass  and  is  in  good  agreement  with  experimental  obser¬ 
vations  of  GAZIEV  and  ERLIKHMAN  (*1).  Stresses  are  transmitted  to  a 
considerably  greater  depth  along  joints  and  to  some  extent  across  joints  . 
(see  fig.  5.2).  This  tendency  is  more  pronounced  in  a  medium  of  very 
low  shear  modulus,  which  corresponds  to  a  joint  set  of  low  shear  stiffhess. 

Three  case  histories  have  been  analysed  to  evaluate  the  elastic 
behavior  of  rock  masses.  MAURY  (6)  observes  in  his  photo-elastic  model 
of  layered  rock  mass  that  the  stresses  are  transmitted  to  a  considerable 
depth  in  a  narrow  zone  below  the  strip  load.  WARD  et  al  (7)  reported  that 
displacements  diminish  rapidly  away  frcm  the  edge  of  the  loaded  area  in  a 
large  scale  plate  load  test  on  weathered  chalk.  BERRY  (8)  reported  that 
the  subsidence  above  a  coal  mine  area  is  quite  localized.  These  obser¬ 
vations  could  not  be  explained  by  conventional  theory  of  isotropic 
elastic  material.  The  observed  behavior  of  rock  mass  can  be  simulated 
successfully  by  a  medium  of  low  shear  modulus.  In  this  paper  attention 
has  been  focused  on  the  adverse  effects  of  low  shear  modulus  on  the 
stability  of  rock  masses . 

RELIABILITY  OF  DILAPOMETER  TESTS  IN  THE  DETERMINATION  OF  THE  M3DULUS  OF 
DEFORMATION  OF  A  JOINTED  ROCK  MASS. 

The  available  results  from  radial  jacking  and  dilatometer  tests  are 
inadequate  for  the  proper  assessment  and  comparison  of  the  reliability  of 
these  test  procedures.  In  order  to  arrive  at  a  rational  evaluation  of 
such  tests,  a  computer  program  was  devised  to  simulate  a  jointed  rock  mass, 
and  sets  of  test  data  were  then  developed  by  performing  (i.e.  mathematically 
simulating)  a  series  of  dilatometer  tests  at  various  locations  within  the 
rock  mass. 

The  mean  displacement  of  the  dilatometer  was  computed  for  random 
spacing,  orientation  and  stiffness  of  the  joints,  and  random  location  of 
the  dilatometer.  These  results  were  then  analyzed  to  determine  the  minimum 
number  of  tests  required,  in  terms  of  the  average  joint  frequency  and  the 
modulus  reduction  factor  (MRF),  in  order  that  the  error  in  predicting  the 
mass  modulus  would  be  less  than  30$  with  a  confidence  interval  of  95$  (see 
fig.  5-3). 


Ill 
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10.3 


5- Is  Rock  mass  containing  staggered  joints. 


Pressure  bulb  for  the  strip  load  on  a  rock  mass  containing  one  set  of  joints  of  low 
shear  stiffness  (K„  =  K  /10).  Joints  are  perpendicular  to  the  axis  1. 


Apparent  Modulus  Reduction 


Average  Number  of  Joints  Intersecting 
the  Dllatometer  (or  radially  pressurized 
region  )  per  test . 


Figure  5.3:  Number  of  dllatometer  tests  required  to  estimate  modulus 

reduction  factor  of  a  jointed  rock  mass  within  plus  or  minus 
30%  error. 
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CHAPTER  6 


CLOSURES 


categories :  ^th^lntrlnsic^pnDpertles  fa^  three 

block  jointed  models  and  the  continuum  chara  l  J?®  ™fGhanical  properties  of 
of  these  sections  represents  °f  TOCk  rrasses‘  ** 

standing  the  mechanical  properties  of  Sc^  Ssses  prcblem  °f  Under" 

progressive  failure^f^c^masses  canbl?Ch  ^olnted  1110(36 ^  suggest  that  the 
understanding  of  the  intact  rock  of  ?r?dJcat®d  from  an  individual 

of  these  two  components  of  the  system  has  hPP 0lJ?tS  a^one  •  Ihe  interaction 
within  the  intact  rock  at  average  ?  shown  to  produce  fracture 

fracture  in  the  solid  specimen^  mKh  bel°W  that  to  cause 

the  degrees  of  freedom  within  the  1o1nfP?? contribute  an  increase  in 
and  joint  slippagp  can  ^re  reaS^  ^  ^  ?”*  bl°Ck  rctatlons 

sponse,  and  hence  the  stress  strait  ^  GOnplete  force  displacement  re- 

be  predicted  by  any  si^f  theo^uc£*2 Z  °f  SUCh  a  system  cannot 

on  the  two  dimensional  intent  of  loint-w  hS  ^sle  plane  of  weakness  theory 
^sults  Offer  a  useful  cS^Sison^S  ^  h°W®V®r  the  e^imental 

finite  elements  and  finite  different  t-P  dfvelopinS  numerical  models  such  as 
2.3a  .  One  of  the  ine5^fS^^?^1?Utllned  ^  appendl*  11  section 
jointed  models,  vertical  snlli-f in/?  J  th  collapse  process  of  the  clock 
the  section  cnfcSS  **  ^  StUdled  ^  to 

the  numerical  methods  of  predicting  hW?^«.bUt  more  work  is  ne cess ary  on 
of  the  fracture  analysis  be ?%££££} the 

collapsed  block  jointed  models.  Gorporated  into  the  description  of  the 

confirm  thetel^ttS  talSaJ?*13  Unde1’  ccnilnanent 

pressure  dependent  than  is  the  strength  o TtT  *  finally  more  hi^rly 

of  the  post  peak  curves  a?e !^e£^fe2d pointed  material,  ihe  shape 

pressure.  The  models  very  quicklybe^S  ml  Ltlh?  ?  s,I,a11  ohan®5  confining 
creased.  Volumetric  changes  due  to  f£S+n™  e  ^  conpinement  is  in- 

variation.  Some  models  iStially^oiScSd  ^  haf  ShoWn  a  considerable 

but  others  dilated  with  the  applLatioifof fhP eSSA^?tla1^  elastic  deformation* 
dilated  more  than  the  unjointed  Si  Si 5®  load\  M1  block  Jointed  models 
with  increasing  confinement  pressure.  th®  amount  of  exPansion  decreasing 

should  be  of  directpractical^value011  The^a^6?  ma,terlal  presents  material  which 
rock  mass  are  presented  in  ?er^  of 'th^nS^°tr°fiC  ®lastic  constants  for  the 
Numerical  comparisons  of  the  anisotroDic  r°Ck  “Jd, the  ^oint  characteristics, 
model  with  joint  elements  indicate  Sat  i  ^  the  flnlte  element 

cellent  results  for  the  rock  n.ss,  hut 


116 


two  models  in  areas  of  high  stress  gradient.  The  significance  of  low  shear  stiff¬ 
ness  on  the  anisotropic  continuum  model  is  described  and  discussed  with  reference 
to  several  published  papers  dealing  with  jointed  rock  masses.  Ihe  reliability 
of  dilatomster  tests  in  relation  to  spacing  and  location  of  joints  is  discussed. 

It  is  concluded  that  the  optimium  orientation  of  the  dilatometer  with  respect 
to  a  joint  set  is  in  the  range  of  10°  to  20°  in  order  to  assess  most  accurately 
the  influence  of  the  joints. 

The  studies  of  the  intrinsic  properties  of  rock  have  produced  two  material 
properties,  'the  work  of  fracture'  and  the 'effective  rock  length'.  With  these 
two  properties  and  the  correct  energy  analysis  of  cracked  structures  the  apparent 
variations  of  the  tensile  strength,  based  on  a  stress  criterion,  are  explained. 
Experimental  results  support  these  claims.  Integration  of  tensile  splitting  to 
explain  the  total  compressive  failure  of  rock  is  not  at  this  stage  practical 
but  the  approach  outlined  in  this  study  is  considered  applicable  to  one  of  the 
individual  mechanisms  of  failure  in  compression.  This  splitting  mechanism  has 
also  been  shown  to  be  extremely  Important  to  the  development  of  the  peak 
strength  of  the  block  jointed  models ,  as  splitting  of  blocks  appears  to  initiate 
failure.  These  studies  of  intrinsic  properties  of  rock  have  produced  information 
that  can  be  applied  to  practical  problems  involving  both  large  scale  volumes  of 
rock  and  small  scale  volumes  of  rock.  The  analytical  (numerical)  procedures 
described  can  be  used  on  the  large  scale  to  determine  quasi-static  fracture  paths 
due  to  either  gas  pressures  in  blasting  or  hydraulic  pressures  in  hydraulic 
fracturings  or,  on  the  small  scale,  it  can  be  used  to  determine  fracture  paths 
due  to  cutting  or  drilling  of  rock. 

The  mechanical  properties  of  rock  masses  is  not  easily  defined.  The  work 
presented  here  represents  a  valuable  contribution  to  the  understanding  of  rock 
mass  behavior,  but  additional  work  is  needed  to  integrate  the  various 
approaches  of  this  and  other  studies  to  develop  useful  methods  of  rock  mass 
characterization  particularily  as  failure  progresses. 
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APPENDIX  I 


SHEAR  STRENGTH  OF  ROCK  JOINTS 


1  INTRODUCTION 

The  resistance  t0  sllP  developed  in  a  rock  joint  (or  its  shear  strength) 
is  one  of  the  prime  determinants  of  the  strength  and  deformation  properties 
of  a  rock  mass  containing  that  joint.  In  the  present  context,  the  tern 
joint  is  used  to  describe  any  plane  of  weakness  in  the  rock  mass,  including 
those  features  which  may  be  more  accurately  described  as  bedding  planes 
cleavage  planes,  veins,  shear  zones,  etc.  * 

rresent  knowledge  of  the  frictional  properties  of  r-ock  surfaces  and  the 
strength  of  naturally  occurring  rock  joints  is  extremely  limited.  Moreover 
there  is  no  generally  accepted  method  for  determining  these  properties.  As’ 
a  consequence  of  this,  oversimplified  concepts  of  rock  joint  behavior  are  used 

in  engineering  practice  where  some  attempt  must  be  made  to  provide  workable 
solutions . 

The  present  appendix  discusses  the  laws  of  friction  which  have  been  applied 
to  rock,  previous  experimental  investigations,  methods  of  determining  loint 
strength,  and  the  influence  of  surface  texture  or  joint  strength.  The  material 
presented  draws  heavily  on  extensive  analyses  of  the  problem  made  by  Rosengren 
L1,2J  and  Jaeger  [57]. 

2  LAWS  OP  FRICTION  APPLIED  TO  ROCK 
2.1  Amontons  Law 

The  classicai  laws  of  friction,  namely  that  frictional  resistance  is  pro¬ 
portional  to  normal  force  and  independent  of  nominal  contact  area,  were  first 
proposed  by  Leonardo  da  Vinci  and  subsequently  rediscovered  by  Amontons  some 
200  years  later  [3].  Amontons'  first  law  can  be  written  as 

P  "  M  N  ...(D 

where  P  is  the  frictional  resistance,  N  the  normal  force,  and  y 
the  coefficient  of  friction.  Dividing  each  side  of  Eqn.  1  by  A 
the  nominal  contact  area,  gives 


t  =  y  ar 


...(2) 


where  and  x  are  the  normal  and  shear  stresses  respectively. 

Amontons'  laws  are  explained  by  the  Bowden-Tabor  adhesion  theory  of 
friction  [3, A]  in  which  it  is  postulated  that  contact  between  two  surfaces 
occurs  only  at  the  tips  of  asperities  so  that  the  true  area  of  contact  is 
much  less  than  the  nominal  area,  A.  Due  to  the  higi  normal  stresses,  the 
material  at  the  tips  of  the  asperities  deforms  plastically  and  "welding" 
occurs .  The  frictional  resistance  arises  from  the  force  necessary  to 
shear  these  contact  given  by 


F  =  S.A 


...(3) 
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where  S  is  the  shear  strength  of  the  material  and  A  is  the  true 
area  of  contact.  0 

If  the  deformation  of  the  asperities  is  perfectly  plastic, 

AC=N  ...(4) 

c  Y 


where  Y  is  the  yield  stress  of  the  material. 
Substitution  for  Ac  from  4  and  3  gives 


or  P  =  p  .  N 

3 

where  p  =  y  is  a  constant  for  the  material. 


...(5) 

...(1) 


This  theory  was  developed  primarily  for  metals  and  most  of  the 
experimental  verification  of  it  has  been  for  this  class  of  materials 
[3,4].  Although  the  asperity  concept  appears  to  be  fundamental  to 
any  theory  of  friction,  the  theory  outlined  above  is  not  always 
applicable  to  rocks .  Perhaps  the  most  significant  of  the  many 
reasons  for  this  is  that  the  very  brittle  minerals  making  up  many 
rocks  will  not  always  behave  plastically  (see  Sections  2.2  and  2.3 
below) . 

Carlisle  [5]  argued  that  the  Bowden-Tabor  theory  cannot  be 
expected  to  apply  to  rocks  for  several  other  reasons: 


(a)  It  neglects  the  frictional  resistance  due  to  ploughing  of  a 
hard  body  sliding  on  a  soft  one,  a  mechanism  which  has  been 
discussed  by  Jaeger  and  Cook  [6]. 

(b)  It  neglects  the  effects  of  the  inherent  granularity,  porosity 
and  anisotrophy  of  rocks  and  their  constituent  minerals,  these 
effects  including  dilatancy,  pore  pressure  development,  the 
reorientation  of  minerals  and  the  creation  of  new  minerals 
along  the  sliding  surfaces. 

(c)  Since  the  strengths  of  materials  are  known  to  be  sensitive  to 
temperature,  confining  pressure  and  strain  rate,  the  classic 
law  cannot  be  expected  to  hold  through  the  whole  range  of 
environmental  conditions  encountered  in  nature. 


To  these  various  difficulties  must  be  added  the  fact  that  the 
classic  theory  does  not  allow  for  the  effects  of  interlocking  of 
irregularities  occurring  on  the  rock  surfaces.  The  conponent  of 
strength  arising  from  this  source  is  often  allowed  for  by  the 
inclusion  of  a  constant  strength  term,  T  ,  in  the  shear  strength 
law  which  then  becomes 


or 


t  =  t  +  p  c 
0  n 

t  =  t  +  c  tan  d> 
on  T 


...(6) 

. . . (6a) 


It  is  in  this  form  that  the  shear  strength  of  rock  surfaces  is 
usually  expressed. 
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2 . 2  Power  Laws . 


d  and  6  do  not 


...  n,f*er '  of  investigators  have  found  that  Eqns. 

it  the  frictional  behavior  or  rocks  at  all  well.  Verv  comrmnlv  -M-  ic 

r^ifc^  v>  33  d(fflned  by  L»  decreases  with  increasing  normal  stress 
[7-10].  Such  results  may  o  be  fitted  by  a  power  law 


t  =  K 


n 


...(7) 


or 


T  = 


T  +  K  0 
o  n 


where  K  and  c  are  constants. 

Some  theoretical  justification  for  such  a  law  can  be  put  forward 

tha^  plSti?  at  SOme  ^P^ibi03  ^  be  elastic  rather 

*  In  bls  classic  work.  Hertz  demonstrated  that  for  elastic 
deformation  of  spherical  asperities  in  contact  A  1 

that  in  [S8^*ra“Se!here  ^  ^  JUStlfiCatlon  for  gating  ’ 

T  ■  T0  +  K  °n  ...(8) 

whe^e  2/3  .<  c  v<  1. 

A  disadvantage  of  this  law  is  that  the  coefficient  K  is  not  » 

“rSLSLIa  £2 tSJ™  Can  be  by 


T  -  T 


=  K’ 


...(9) 


SS^gi™  aat“fPtT5y*.taken  by  HOek  [15]  t0  be  tha 

2-3  A  Theory  of  Friction  for  Brittle  Rock. 

fail  frfhLHn3  has  P°3tulated  that  in  many  rocks  the  asperities  will 

Sen LV^d^hLTaS  22  X  P^bl°  Sh0ar-  He  “  ^ 
Sfwnfbfsh^rS4  ?eaSa?lv^ly  **  that*  °n  the  avera&-  the 

was  able  to^S^SSE  as 


-4  o 
JL  /O 


1  + 


yo  = 


T 

C 


L 

2 


TT_ 

2 

f  cot  a 
o 


-  g-  sin  2a 
+  \  sin  2a 


...(10) 


where  T  and  C  are  the  uniaxial  tensile  and  compressive  strengths  of  the 
material .  Taking  T  _  0.1  as  a  typical  value  for  rock,  numerical  inte¬ 
gration  gives  C  y  =  0.15  which  is  lower  than  the  values  conmonly 

measured  for  rock  surfaces.  . 

Byerlee  suggested  that  for  rough  surfaces  asperities  may  interlock 
so  that  the  forces  will  be  applied  at  the  sides  rather  than  the  tips  of 
asperities,  in  which  case  his  theory  will  not  apply.  In  direct  shear 
experiments,  Byerlee  found  that  the  measured  coefficient  of  friction 
increased  markedly  with  surface  roughness.  The  coefficient  of  friction 
of  Westerley  granite  Increased  from  0.2  to  0.6  as  the  CLA  (centre  line 
average)  roughness  increased  from  20  to  300  micro-inches  (Pig.  1)  while 
the  coefficient  of  a  freshly  fractured  surface  of  the  samerock  was 
between  0.8  and  1.3.  Further  experiments  involving  the  sliding  of 
quartz,  microcline ,  hornblende  and  calcite  on  sapphire  showed  a  similar 
dependence  of  friction  on  surface  routines  s. 

3  METHODS  OF  MEASUREMENT  AND  THEIR  RESULTS. 

3.1  Direct  Shear  Tests  on  Minerals . 


The  classical  method  of  measuring  friction  [3]  shown  in  Fig.  2a 
consists  of  a  flat  surface.  A,  which  slides  under  a  spring  loaded 
button,  B,  of  the  same,  or  another,  material  under  a  given  normal  load, 

N.  The  frictional  force,  F,  is  measured  by  the  deflection  of  the  spring, 

S.  The  samples  are  usually  small,  and  the  normal  load,  N,  does  not 
exceed  a  few  tens  of  pounds.  However,  a  wide  range  of  variables  including 
temperature,  speed  of  sliding  and  surface  contamination  can  be  investi¬ 
gated.  The  data  obtained  by  Bowden  and  Tabor  [3,4]  for  minerals  such  as 
rock  salt,  diamond,  mica  and  graphite  are  of  little  significance  in  the 

present  context .  . 

The  most  comprehensive  study  of  the  friction  of  minerals  was  made 
by  Horn  and  Deere  (17)  with  a  similar  apparatus.  They  showed  that 
massive  structured  minerals  such  as  quartz,  microcline  and  calcite  have 
low  coefficients  of  friction  of  the  order  of  0.1  when  oven  dried  and  much 
higher  values  (0.4  to  0.8)  when  saturated  with  water.  On  the  other  hand, 
layer-lattice  minerals  such  as  muscovite,  phlogopite,  biotite,  chlorite, 
serpentine,  steatite  and  talc  showed  the  reverse  behaviour,  the  coefficient 
being  of  the  order  of  0.5  when  dry  and  0.25  when  wet.  These  results  were 
obtained  for  "very  smooth"  surfaces  at  low  normal  loads  of  up  to  10  lbs. 
Further  observations  were  that  quartz,  when  saturated,  showed  pronounce 
"stick-slip"  behaviour  and  that  increased  surface  roughness  increased  the 
coefficient  of  friction,  but  reduced  the  anti-lubricating  effect  of  water  on 

quartz. 
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Other  studies  of  the  frictional  behaviour  of  minerals ,  notably 
quartz,  have  arisen  in  soil  mechanics  from  attempts  to  correlate  the 
properties  of  individual  grains  with  those  of  an  aggregate.  Terzagii 
[18],  Tschebotarioff  and  Welsh  [19],  and  Penman  [20]  have  all  found 
higher  values  of  the  coefficient  of  friction  for  saturated  quartz 
than  for  oven  dry  quartz.  Penman  measured  the  friction  between  two 
fragments  of  quartz  in  a  shear  box  (Pig.  2b)  and  obtained  values  of 
y  =  0.65  for  the  saturated  condition  and  y  =  0.19  for  the  oven-dry 
condition  for  normal  stresses  up  to  126  psi.  For  "much  higher" 
normal  stresses,  y  decreased  to  0.35  when  saturated. 

3.2  Direct  Shear  Tests  on  Rocks. 

A  first  approach  to  the  measurement  of  the  frictional  properties 
of  rocks  in  direct  shear  has  been  to  use  the  simple  soil  mechanics 
shear  box.  The  normal  load,  N,  is  usually  not  greater  than  a  few 
hundred  pounds  and  is  applied  by  a  dead  weight  hanger  which  is  free 
to  translate  with  the  top  part  of  the  box.  Maximum  normal  stresses 
of  the  order  of  200  psi  can  be  applied  to  a  2  in.  square  sample  in  this 
way.  This  is  generally  too  low  for  rock  mechanics  work.  A  second  major 
disadvantage  of  the  simple  soil  mechanics  ohear  box  is  that  the  specimen 
size  is  too  small  (usually  up  to  6  cm.  square)  for  practical  purposes. 

Disadvantages  of  shear  box  tests  generally  are  that  overturning 
moments  are  almost  invariably  introduced,  and  that  the  boundary  conditions 
represented  by  the  lateral  confinement  offered  by  the  sides  of  the  box 
are  extremely  variable.  Overturning  moments  are  set  up  when  the  shear 
load  and  its  reaction  are  applied  through  the  sides  of  the  top  and  bottom 
halves  of  the  shear  box  (Fig.  2b)  rather  than  in  the  plane  of  the  joint 
being  tested,  and  when  one  half  of  the  box  rides  up  on  a  high  point  on  a 
rough  surface  in  the  other  half.  Rotation  in  the  horizontal  plane  is  also 
possible  in  the  latter  case. 

Ripley  and  Lee  [21]  used  a  soil  mechanics  shear  box  to  study  the 
behaviour  of  both  ground  and  naturally  rough  surfaces  of  sandstone, 
slltstone  iind  shale.  Ihe  ground  surfaces  gave  coefficients  of  friction 
in  the  range  0.47  to  0.60.  Ihe  rough  surfaces  gave  residual  coefficients 
which  were  somewhat  higher,  but  when  corrections  were  made  for  the  effect 
of  riding  over  surface  irregularities,  the  results  could  be  correlated 
with  those  for  the  ground  surfaces.  This  was  perhaps  the  first  attempt 
to  quantify  the  effect  of  surface  roughness  on  joint  behaviour.  Ibis 
aspect  of  the  subject  is  discussed  in  detail  in  Section  5  below. 

In  rock  mechanics  work,  the  use  of  normal  stresses  of  up  to  a  few 
thousand  p.s.i.  is  desirable.  Ibis  requires  the  design  and  construction 
of  special  high  capacity  direct  shear  machines  in  which  the  normal  load 
is  applied  by  a  hydraulic  jack.  Since  one  half  of  the  shear  box  must 
translate  across  the  face  of  the  jack,  some  method  such  as  roller  bearings 
or  teflon  slides  must  be  used  to  minimize  friction  in  the  apparatus,  and 
even  then  a  correction  must  be  applied  to  the  indicated  shear  force. 
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A  number  of  these  shear  machines  have  been  built  in  recent  years. 
Krsmanovic  and  Langof  [22]  used  a  machine  with  a  normal  load  capacity 
of  60  tons  and  a  maximum  sample  size  of  16  in.  square  in  tests  on 
bedding  planes  and  joints  in  limestone.  Residual  coefficients  of 
friction  varied  from  0.2  for  clay-filled  joints  to  over  1.0  for  very 
rough  stratification  planes.  Hie  latter  showed  a  peak  strength  of  up 
to  twice  the  residual  strength  which  was  attained  after  some  1-1/2  in. 
of  sliding.  Tests  on  intact  samples  of  sandsone,  limestone,  and 
conglomerate  [23],  gave  residual  coefficients  of  friction  of 
approximately  0.7. 

A  machine  with  normal  and  shear  load  capacities  of  100  tons  and 
maximum  specimen  size  of  15  in.  x  12  in.  is  in  operation  at  Imperial 
College,  London  [24,25].  Hie  shear  surface  can  be  displaced  over  a 
distance  of  6  in.  at  rates  of  between  0.1  in. /min.  and  2  in. /month. 

Friction  in  the  apparatus  is  minimized  by  a  teflon  bearing  surface. 

Hie  machine  has  a  very  high  stiffiess  in  relation  to  the  stiffhess 
of  the  rock  joint  which  means  that  most  of  the  deformation  in  the 
system  takes  place  in  the  rock  and  not  in  the  machine,  and  that  the 
rate  of  failure  of  the  discontinuity  can  be  carefully  controlled.  Hie 
results  of  tests  on  large  samples  of  natural  joints  in  porphyry  obtained 
using  this  machine  are  shown  in  Fig.  3.  In  this  case  both  peak  and^ 
residual  strengths  are  represented  by  linear  laws  with  c  =  100  kg/m 
and  <J>  =  37  1/2°  (peak)  and  c  =  0  and  =  30°  (residual). 

A  very  high  capacity  direct  shear  machine  has  been  built  at  the 
James  Cook  University  of  North  Queensland,  Townsville  [26].  Hiis 
machine,  which  can  accept  of  up  to  12  in.  square  specimens  can  operate  at 
noimal  pressures  of  up  to  4,000  p.s.i.  applied  via  flat  Jacks,  and 
uses  a  1.2  x  10°  lbf.  compression  machine  to  provide  the  shearing 
force.  As  with  most  of  the  other  modem  machines,  dilation  normal  to 
the  direction  of  sliding  is  measured  during  each  test. 

Rengers  [27]  has  carried  out  direct  shear*  tests  at  the  University 
of  Karlsruhe ,  using  a  sophisticated  medicine  in  which  the  shear  plane 
has  an  area  of  600  cm2.  Normal  and  shear  forces  of  50  iMp  can  be  applied, 
and  a  relative  movement  of  200  nm.  is  possible.  Hie  normal  force  is 
applied  via  air  pressure  in  rubber  bellows  which  obviates  the  need  to 
apply  a  correction  for  friction  such  as  that  required  in  the  case  of  the 
James  Cook  machine.  Other  large  direct  shear  machines  have  been  used  by 
Bemaix  [28,29]  and  by  Guiseppe  [30]  who  used  the  Jugoslavian  design 
[22,23],  Goodman  [31]  has  recently  given  a  useful  summary  description 
of  a  number  of  these  machines. 

Hie  direct  shear  method  is ,  of  course ,  the  method  used  in  most  in-situ 
tests  for  determining  rock  strength.  Examples  of  the  techniques  used  and 
results  obtained  are  given  by  Serafim  and  Lopes  [32],  Krsmanovic  and 
Popovic  [3?],  and  Wallace  and  Olsen  [34]  among  many  others.  Generally 
surfaces  tested  are  of  the  order  of  size  as  those  which  can  be  accommodated 
in  the  larger  laboratory  machines,  although  in  some  cases  very  large 
surfaces  have  been  tested. 
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3-3  Double  Shear  Tests. 

In  the  double  shear  test  (Ftp.  2c)  a  fiat-  hio„i,  a  ,  . 

gjsrsrs  ««  1T3 ;; ~  sfSS* 

in  terms  of  a  power  ]aw  (Ean  *1  7)  ’JfhS^Kti0n‘  His  results  were  expressed 

3-7  (?  ^sTSeLTo^rrao 

a  SlsT  shea,  appar.tis  in 

™.1Sfaies  SXtS^S. 

stiu  — “-e™ 

*~\r  ~  s.^16 

snr-fanpa1  t5L° '  ^i/0?  raugil  surfaces  and  from  0.18  to  O.63  for  "snSh"S 

awf^HffbJ?16  C?  ^;?n  lntercePt  was  less  than  200  p.s.i.  in  both  ^ses 
is  difference  In  friction  between  "rou$r"  and  "smooth"  surfaces  of  t-hn’ 

™s25£ 

s-bSs«M  rer 

3.^  Trlaxial  Compression  Tests. 

t-r.iavS?  tecJ™ique  of  Sliding  on  a  pre-determined  plane  of  weakness  in  the 
triaxial  test  appears  to  have  been  first  used  bv  the  I  %  n  !l5  he 

testing  the  bond  strength  between  concrete  and  rock  It ’was 'adapted  for 

between  the^ErXS  of  a  S^lae^r 
PJnSh  hp  SlnCe  been  US6d  extensJvely  for  this  purpose.  In  this  method 
r-nhh^ff  nf  core  containing  a  natural  or  artificial  joint  is  iacketed  in  * 
ing  and  tested  under  confining  pressure  in  a  conventional  triaxial 
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apparatus  (fig.  2d).  Provided  the  joint  is  favourably  oriented,  failure 
will  occur  by  sliding  along  the  joint  rather  than  in  the  solid  rock.  Peak 
and  residual  frictional  properties  may  be  deduced  from  load-deformation 
curves  obtained  at  various  confing  pressures. 

This  method  is  attractive  for  the  following  reasons : 

(a)  The  apparatus  is  simple  and  usually  readily  available  in  rock 
mechanics  laboratories. 

(b)  Minimal  specimen  preparation  is  required  since  ordinary  diamond 
drill  core  can  be  used. 

(c)  High  normal  stresses  on  the  Joint  plane  can  be  applied  more 
readily  than  in  other  types  of  test. 

(d)  Pore  pressures  can  be  more  readily  introduced  and  measured 
than  in  other  type  of  test. 

(e)  Ihe  specimen  is  not  subject  to  mechanical  constraint  and 
sliding  can  occur  along  the  direction  of  least  resistance. 

On  the  other  hand,  there  are  some  uncertainties  wliich  require 
clarification: 

(a)  Ihe  normal  stress  on  the  joint  plane  is  not  constant  during  a 
test  but  varies  with  the  shear  stress. 

(b)  Ihe  area  of  contact  between  the  faces  continually  changes  as 
sliding  proceeds. 

(c)  Unknown  lateral  stresses  may  be  set  up  at  the  ends  of  the 
cylinder  during  a  test. 

These  factors  make  the  test  difficult  to  interpret,  and  the  system  is 
generally  regarded  as  not  being  a  good  one  when  large  displacements  on 
the  shear  plane  are  required.  Rosengren  [1]  has  analysed  this  test  in 
detail,  clarifying  a  number  of  the  questions  raised  above  and  providing 
methods  of  calculating  corrections  for  these  various  factors.  This 
inport  ant  contribution  of  knowledge  is  discussed  in  Section  4  below.  The 
remainder  of  the  present  section  is  devoted  to  a  brief  catalog  of  results 
obtained  using  the  triaxlal  method. 

Jaeger  [38]  used  2  in.  diameter  cores  and  confining  pressures  in  the 
range  3,000  to  15,000  p.s.i.  For  plaster-filled  joints  the  1-0  failure 
line  was  silently  curved  and  y  varied  from  0.4  to  0.78.  For  sawn  and  ground 
bare  surfaces,  stick-slip  oscillations  occurred  and  y  varied  from  0.53  to 
0.6l.  For  natural  fracture  surfaces  of  porphyry,  marble,  sandstone  and 
gpeiss,  y  varied  from  0.52  to  0.86.  Wet  surfaces  of  sandstone  and  gieiss 
gave  slightly  lower  values  of  y.  The  intercept  t  was  not  measured  accurately 
but  in  all  cases  was  less  than  3,000  p.s.i.  Similar  tests  using  lower 
confining  pressures  on  natural  joints  in  quartz  monzonite  carried  out  by 
Lane  and  Heck  [39]  yielded  t  =  2C0  psi  and  y  =  0.62.  Handin  and  Steams 
[40]  used  0.75  in.  diameter  cores  and  confining  pressures  up  to  30,000  psi 
to  obtain  y  =  0.4  for  ground  surfaces  of  dolomite. 
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Murrell  [7]  measured  the  frictional  properties  of  fracture  surfaces 
of  sandstone  in  the  course  of  a  more  comprehensive  study  on  the  strength 
of  rocks.  He  fitted  his  results  to  the  power  law  (Eqn.  7)  with 
constants  K  =  2.10  and  c  =  0.89.  His  results  for  a<20,000  p.s.i.  can 
also  be  fitted  to  the  linear  law  (Eqn.  6)  with  x  =500  psi  and  y=0.70. 
Raleigh  and  Paterson  [4l]  measured  the  residual  friction  on  faults  in 
serpentinite  and  found  that  y  (=  x/a)  reduced  from  0.73  to  0.40  as  the 
confining  pressure  increased  from  11 , 000  to  75,000  psi. 

A  very  comprehensive  series  of  tests  using  the  triaxial  apparatus 
has  been  reported  by  Brace  and  Byerlee  in  recent  years.  The  object  of 
this  work  was  to  investigate  the  significance  of  friction,  particularly 
of  stick-slip,  as  an  earthquake  mechanism  [42],  Consequently  the  tests 
were  carried  out  mainly  at  high  confining  pressures,  up  to  10  kb 
(150,000  psi),  and  the  specimens  were  small,  0.5  and  0.6  inch  in  diameter. 

The  early  work  [42]  used  Westerley  Granite.  For  both  ground  and 
fracture  surfaces  the  linear  relation  (Eqn.  6)  was  found  to  hold  with 
t  =  7,500  psi  and  y  =  0.6  in  the  range  of  normal  stresses  2  to  10  kb. 

For  ground  surfaces  with  additional  pore  water  pressure,  y  remained 
at  0.6  but  c  was  reduced  to  1,500  psi;  this  way  attributed  to  reduction 
in  strength  of  the  asperities  by  water.  Later  work  on  other  rocks  [44] 
led  to  the  adoption  of  a  curved  friction  relation,  particularly  at  lower 
normal  stresses. 


In  these  methods,  one  surface  rotates  against  a  stationary  slider 
(Fig.  2e),  or  two  discs  rotate  in  opposite  directions  about  their  common 
axis  (Fig.  2f ) .  The  frictional  resistance  can  be  calculated  by  measuring 
the  torque,  T,  required  to  rotate  the  cylinder  under  a  given  normal  load, 
N.  The  advantage  of  these  methods  is  that  they  are  capable  of  producing 
infinite  displacements  without  change  in  geometry  and  are  thus  well 
suited  for  studying  variations  in  frictional  behaviour  with  displacement, 
a  subject  of  great  practical  significance. 

The  first  of  these  methods  was  used  by  Rae  [45]  for  a  sandstone  wheel 
and  sandstone  and  limestone  sliders  tested  at  very  low  normal  loads.  For 
the  sandstone  slider,  y  =  0.7  and  was  Independent  of  sliding  speed.  For 
the  limestone  slider,  y  reduced  from  0.75  to  0.2  as  the  speed  increased 
from  0  to  15  ft  ./sec.  A  similar  technique  in  which  one  piece  of  drill 
core  is  rotated  while  in  contact  with  a  stationary  second  piece  at  right 
angles  to  the  first  is  being  developed  at  Imperial  College,  London  [46] 
with  a  view  to  its  adoption  as  a  simple  field  test  for  the  friction  of 
fairly  smooth  rock  surfaces. 

A  device  using  the  second  method  has  been  successfully  used  at  the 
Chamber  of  Mines  of  South  Africa  [47],  and  a  similar  device  is  also 
under  development  at  Imperial  College .  Details  of  the  results  obtained 
have  not  yet  been  published. 
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4  ANALYSIS  OF  FRICTION  MEASUREMENT  IN  THE  TRIAXIAL  TEST 


Consider  a  cylinder  containing  a  planar  joint  inclined  at  angle  a  to 

a^iS  F^S‘  ^  3X1(5  subJect  to  principal  stresses  oi  and  o3.  The  normal 
end  shear  stresses  on  the  joint  plane  are  given  by 


o  -  Oi  sin2a  +  a3  cos2a 
=  o3  +  (c i -o 3 )  sin2a 

and  t  =  (ai-o3)  sin  a  cos  a 

Eqns.  11  and  12  can  be  combined  to  give 

oi  =  o 3  +  t  tan  a 


. .  .11 


...12 


...13 


The  conditions  under  which  sliding  on  the  joint  plane  can  occur  were  first 
given  mathematically  by  Jaeger  [37]  and  are  considered  in  detail  in  Appendix  II. 
ihe  problem  can  be  conveniently  represented  on  a  Mohr  diagram  (Fig.  7). 

lineaJtrelaSoSpthat  ^  Strength  of  the  ^oint  ls  Slyen  by  the  simple 


S  =  c  +  a  tan  4> 


...W 


which  is  the  line  DE  in  Fig.  7.  Under  hydrostatic  pressure  o3  before  the  differen- 

stSsrSml  tn~n3  1S/?Pl1fd’  ?he  *hear  stress  on  the  is  zero  and  the  normal 

mrmai  3Z  POlnt  A  in  Flg'  7<  As  the  differential  stress  increases,  both 

stres3es  0x1  the  Plane  increase,  following  the  path  AC  inclined 
t0  T  axis>  which  is  given  in  Eqn.  13.  Distances  such  as  AL  along 
Mohr-  pat?  f^.f3331  (o j- o 3 )  sin  a  and  these  are  also  the  chords  of  the 

line  at  A"  Eventually  the  stress  path  will  reach  the  failure 

to  poSt?  lldlng  Wl11  Gornmence  under  the  normal  and  shear  stresses  corresponding 

rep^sentaii°n  shows  how  the  differential  stress  required  to  initiate 
ng  increases  with  confining  pressure  and  also  with  a.  AH  is  the  stress  path 

inter^t??  ShfT  p6?  Wlth  a  ~  0  3X1(1  a  constant.  As  a  increases  towards  <f>,  the 

f  becomes  poorly  defined  and  instability  may  occur  leading  to 
ry  large  changes  in  differential  stress  for  small  change  in  a.  An  exanple  will 
lat?r  Claar^5  lf  3  -  90°  -  *  the  stress  path  will  never  iSect 

and  sliding  on  the  joint  is  inpossible.  In  this  case,  the  dif- 
^  dncre3se  *til  the  Mohr  circle  based  on  A  reaches  the  failure 
envelope  for  the  intact  rock.  Fracture  will  then  occur  in  the  rock,  ignoring  the 
joint.  Depending  on  the  strength  of  the  rock  this  situation  can  occur  for^flues 
fflp  qSSTSi  less  than  the  cirtical  value.  Fracture  will  also  theoretically  occur 
°  values  of  a  since  the  Mohr  circle  will  reach  the  failure  envelope  before 

limit  of  thH  fallure  llne  PE.  However,  in  practice  the  lower 

of^he  or^eJ  of  27^^  *  ge°metry  of  the  system  and  for  a  2:1  cylinder  is 

t]?e  J°lnt  ls  sufficiently  interlocked,  or  a  weakness  plane  or  vein  is  being 
tested,  stresses  corresponding  to  point  C  will  be  insufficient  to  initiate  sliding. 
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The  stress  will  then  follow  the  D3.th  AR  tn  nninf  v  q+-  *  u-*  -u 

Of  the  filling  or  shearing  of  thlfasDeritip? ^nVA  whi^h^taSe  she^  failure 

linear  form  ^  asperities,  which  may  be  assumed  to  have  the 


VJ  UCU 1  (p 


STc^i&  ta  -  sltuatl°"  Is  undoubtedly 

for  pulses  ofthepresent  fSysL  "“h10™1  reflne"*'>ts  ««  unjustified 


^*2  Change  In  Contact  Area  with  Sliding 


by  CtadlSr[?8]?n  «TSS=S?S  ^previously  been  presented 

required  and  a  Adl“  ^slffSloS  ^  the0Iy  addltl0nal  U 

come  to^Ser^^aS^ISfo?^6  th*.J°tat/s  =•  ends  of  the  cylinder 
These  qSSi.es  reJKd^  13  by  b  fe>- 


a  =  s  cos  a 
b  =  s  sin  a 


...16 

..  .17 


SScont£f  ?Afa°?L°f^he  dlsPlaced  bJ  ^stance  s  and  the  true  area 


i  =  D  (26  -  sin  26) 


...18 


a  .  _  u  (tt  -  26  +  sin  ?fi) 
Ho  jp 


...19 

where  D  is  the  diameter  of  the  cylinder  and  6  is  as  shown  in  Pig.  8c  and  given  by 

. .  .20 


Cos  6  =  —  ^  a- 


The  areas  on  the  joint  faces  are  then  given  by 


and 


A  =  —  (26  -  sin  26) 
1  Jj  sin  a 


A  =  ^  (^  ~  26  +  sin  26) 
2  5~sin  os 


.21 


...22 


to  r be  ca“  by 


*2  = 


=  D.s 


...23 


and 


A  =  2L2:  _  n 
1  sin  a  D,s 


ICO 


...2H 
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SSSSnS  oT“Syp^r  relatl0n  “  <*  contact 

^  ‘  ^  Sliding  with  Large  Displacements . 

frictSnl2s°'1„rStS1onsrl?SytSPcili„Siy  tha.dftiatl0"  °f  aiding  with 

thetS^afiS.lh"  Tt^"’ 

be  done  by  the  differential  mUSt  ^i1^nslate  (Pig*  6b)  and  work  must 

Most  previous  investigators  housed  sp^rS?^ ifSf^ef  T  «**“• 

Sd  nls  iSSbiPS  Slnt2n“™  °""S  ^^"60 

contact  between  the  Point  faS?  P  P  P®'  !  fly  other  way  t0  "aintain  uniform 

ten  (Pig.  6d)  t0  ““  a  sPherlcal  seat  at  each  end  of  the  speci- 

Rosengren  [1]  SftTth^  for^i^^  b^S/"  ?' *“  ^ 

time  if  the  appropriate  areas  are  £o»!  eaSPtSe°S  aPTi^  f,  fW 

pressure,  c3,  is  held  at  a  constant  known  value  mdPhe  SaffPP  R  confining 
to  maintain  sliding  is  measured  o  +-^+.-  rva  Lne  axlal  force>  R15  required 

rSttS  S?tSSs  1?  F? ■J&2SS3* 

°Trable  ^hetho°seatSm(e{e^tS  tiS™"^ 

of  diameter  D  aS  SSsPStoa?  SiY”^  "Y?  °f  c“°  dlsplaced  half  cylinders 
resultant  forces  in  the  « 


P2  =  a3  A 

. .  .25 

P  =  rr  A  ■ 

2  3  tana 

...26 

P3  =  ct3  &2 

.  ..27 

cylindej/buthppPthey’are'equS6^^0!?  a0t.0n  the  curved  surfaces  of  the 
from  further  discussio/  Since  tho  ^  GOllinear  they  may  be  omitted 

forces  P  p  p \  u  ?  the  solid  ls  ^der  hydrostatic  pressure  the 

culate  tie  okSon  of  to°?pete1?qUllifLUm  and  “  ls  to  cal- 

of  the  area  A  .  Therefore  any  additional  req^r^d’  without  knowing  the  centroid 
body  must  thefeelves  be  S’co^lele  eqSSbSi^^^10  fOTCeS  to  the 

^  Sliding  with  Lateral  Translation. 

by  the  confining  pressure^d^hown  ir^Fie’^'q  In,^ditdon  to  the  forces  generated 
R,,  Which  is  me^Sred  S^tS  testw  3'9&4  th?re  13  the  differential  force 

al  restraint  at  the1laLY(ng 9?b)“oo S  of  ^  fg  ?Ue  t0  frlotlon- 

but  since  the  non-hydrostatic  ftow,  of  action  of  R  IS  indeterminate 

forces  at  each  end  of  the  cylinder  must  bo  comPlete  equilibrium  and  resultant 

of  the  resultant  mates  m  Sle  J  “ 1*5  2^?®*  thTf°re  the  line  of  actlon 

^e’  v  tan  (R*),  with  the  axis  of  the  cylinder. 

Ri 
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In  fact,  the  point  of  action  of  r  .  „  , 

and  for  the  symmetrical  case,  (Fiji  9b  )°i  ln  the  statlcs  of  the  pi-oblem 

passes  throagi,  the  centroid  of  the  contact  Sea  S  that  the  ^ultant 

poss ible^experimental^SrSgements  ? ^6en  *1 -  ^  durin,  sliding  there  «  ^ 

jacket.  In  this^^the  SpeClmen  lnside  tha  rubber 

stress  between  the  platens  and  pressu^e  contributes  to  the  norm! 

r2  =  k  (r2  +  g  P1) 

assumed  conJtStf^SeSo^ffSSfe  ifilT  Slidln^  Patens,  and 
contact  between  the  platen  ^area  of 


e  =■  a3' 


...30 


““  8lVen  »**•  18  and  A  is  the  eross-slcticnal 

(ii)  The  sliding  platens  nay  be  exposed  to  eh 

y  exposed  to  the  confining  fluid.  In  this  case: . 

R2  »  k  R 

and  it  is,  mathematically,  a  special  case  of  Eqn.  29  with  g  .  0.  ’31 

specimen  on  the  shear  plane.  ^oivi^he^SS  'S.- nsfe  ^ 

M  £qn.  29,  we  have: 

^  n-  (sira  +  cosa)  +  P  ('slnm  +  a  1  \ 

1  vsina  +  6  k  cosa)  +  p  Cosa  -  P 

_  Tt,  /  ^  *3  *  *  Ot 

—  n_  1  nr\arj  ..  1,  _  •  _  \ 


*  ’  Rl  <C““  '  k  Slno)  +  P1  <««“»  -  8  k  sine)  -  P  slno 

_ A- 


_  _ iv> 

obtalned  by  dividing  the 

K  initiation  of  sliding  when  A,  ^  I®3"’  2P):  case  of  interest  is  that 


x.,  .  .  °  uj  wje  contact  area  A  ft 

33  y£l?  iatl°n  °f  slldlnK  when  h  -1  A.  _ 

since 

°  ~  0l  s^n  a  (sina  +  k  cosa)  +  cos2a 
1  =  C  sin  dtcosc.  -  k  sine.)  -  o,  sin  a  cos  a 


>8  =  1  and  P  =  o. 


Eqns.  32  and 

...34 

SauS  reduc°;  Cyllnder  frtctt°nless,  k  =  0,  and  the; 

is  also  instructiv^to^investigate^h^var^H  0UrvB  ls  the  °utput  from  a  test  i 

f  TOCk  wth  a  coSSnt  rate  ofX^oSS'T"*131  stress  with  L- 
to  tan  *  in  Eqn.  it).  Although  most  r^ck  ^rSff1^bof  ^cticn  (equivt 

63  show  a  cohesion  intercept 


13r 


when  the  results  are  reduced  in  terms  of  y  =  constant 

illustration  the  equations  are  simplified  but  nf  ft-,  ^  5  ,^or  Purposes  of 
cohesion  term.  Iherefore,  puttin^P  f  N  Bjns  32  Sd  Tgto*  ^  ^ 

R,  *  b-Qi+W  slnct-(l-pkg)  cosat  +  P.r,, slm)  .  p 

(l-yk)cosa-  (y+k)sina  - -  ...36 

or  dividing  by  the  appropriate  areas, 

Oi-a3=  a  3  j-sina  +  sina  +  Syk  cosa  -  j-2 

v  — - - - - - £i  j  ...  37 

(1-yk)  cosa  -  (y+k)  sina 

OTfSS2SflS?'isrelatl0n  f0r  the  case  when  the  Platens  are  exposed  to  the 

2  p  a2 

ox-o3  =  o3  {—  ,sinct  ~  yA 

^ 1-yk;  cosa  -  [y+k)  sina  *  ... 38 

test,  valuesSofathetratiof(ai-?f)/Jatat  ^lGti°"  °[l  the  Interpretation  of  this 
Table  1,  for  the  case?*  »  ^  ^  * 

'.TABLE  1 


Values  of  _(cri-a3)/a3  At  Initiation  of  Slidir 


0.001 

0.005 


0.82  1.22 
0.82  I.23 

0.83  1.24 

0.84  1.27 

0.96  I.45 

1.14  1.73 

1.61  2.55 

2.34  4.05 


1.75  2.45 

1.76  2.46 

1.78  2.50 

1.81  2.56 

2.11  3.04 

2.57  3.86 

4.11  7.22 
7.93  25.50 


3.45 

3.46 
3.53 
3.62 

4.46 
6.09 

16.50 


4.94 

4.97 

5.09 

5.25 

6.92 

10.90 


3.64  7.75  34.60  *  *  # 

°*5  6.60  32.00  *  *  *  # 

*Indicates  sliding  on  joint  not  possible. 

are  eliminated,  or  at 

133 


( 


Typical  differential  stress-displacement  curves  predicted  by  Eqn.  37  for 
the  case  a  40  and  several  values  of  k  and  y  are  shown  In  Fig.  10.  These  show 
an  almost  linear  decrease  in  differential  stress  with  displacement. 

^•5  Sliding  with  Rotation 

Ihis  is  the  case  shown  in  Fig.  6d  with  a  spherical  seat  at  each  end  of  the 
specimen.  The  geometric  constraints  of  this  system  are:  - 

(  spherical  seat^  SP6Cll71en  mUst  rotate  about  the  center  of  its  respective 

(ll)  5lIisConlveennl'iSen  3p^rlcab  seats  niust  move  along  the  axis  of  the  apparatus. 

only  appbes  H  the  outer  parts  Of  the  spherical  seats  are  fixed  relative 
to  the  apparatus.  If  the  spherical  seats  are  free  to  translate  laterally  it 

iateral1?™^?^6  u  m0re  complicated  situation  of  combined  rotation  and 
here  1  tnslatlon'  However,  only  the  case  of  pure  rotation  will  be  considered 

With  regard  to  the  geometry  of  the  spherical  seats  there  are  three  basic  cases. 
Se  sSSenr(Sgh  ““  my  116  "ltMn  its  half  of 

— -  B:  spherical  seats  may  be  reversed  so  that  the  centers  lie  outside  of, 

specimen  (Fi^llb)?  °f  ^  plane  33  >  the  resPective  halves  of  the 


Case  C: 


Ihe  centers  of  each  spherical  seat  may  lie  on  the  opposite  side  of  the 
shear  plane  to  its  respective  half  of  the  specimen  (Fig.  lie). 


need  rot^haJe  °n  ^  radJi  of  the  spherical  seats  and  the  two  seats 

have  thf  same  radius.  Any  combination  of  the  three  cases  above  is  possible 

centere  of  the^^f  p^ctlGf'  ^e.only  inadmissable  situation  is  that  where  the 

SSffiSr"  ^ 

sn^lfSlplaceSs'onTe  sl^pS?  r°tati°nS  “1U 

ana  °aSf  A  the  shear  plane  states  away  from  the  axis  of  the  apparatus 

In  centers  of  the  spherical  seats  appraoch  each  other  as  shearing  proceeds. 

In  caoe  C,  the  shear  plane  rotates  towards  the  axis  and  the  centers  move  aoart 

preVlOUS1^  is  a  speG±ab  Gase  case  C/ 

rospondinfto  E^ro^is?1  treatment  Wl11  not  be  Slven  here  but  the  equation  core 


ai-a3  =  a3 


k'sin(a+6)+  k'cos(a+6)  + 


(l-yk' 


:'cosM)+±z~ 

cos  (a+6)  -  (y+k')  sin  (a+6' 


where  k'  is  the  equivalent  coefficient  of  friction  in  the  soherical  seat  and  *  y 
seat^nStantarle0US  ^  of  ^tlon  of  each  half  of  the  specimen  Sout  i?tf  spherical 
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means  straightforward.  ^rpretation  of  this  test  is  by  S 
4*6  Apparatus . 

jgUBwps 

obeyf^lT  9U^P^  Kta  Wg  "f1  ®°  "1^o?nohr5eSes(1) 

QDeys  the  linear  relation  with  „  -  n  ™  i  rock  surface  close lv 

S  law.  Conparative  tests  using'this“  "*  effeotlTC 

(1)  lubricated  discs 

unlubricated  ends  and  ene  spherical  seat 

sS£fS5Sfr-(11)  oan  leaa  to  veiy  ia- 

H rag*  - -Sa~£~ - ~ £~ 

oscillatinnCt  Shear  apparatus  (1),  indicate  thS^0011?03^6  speclmens 
oscillations  corrrnonly  occur  in  t-hl  noicate  that  the  stick-slip 

is  therefore  possibS  foTstSk^^1^  °f  <^zite  of  steel  It 

in  a  triaxial  test.  This  ef  l  iP  J°  occur  at  unlubiicated  nhta! 

slip  oscillations  recorded  have  contrf-buted  to  the  stick- 

Brace  and  Byerlee  (H2).  ^  rou^1  surfaces  of  granite  by 

4.7 


Natural  .Tnm^ 


paredMbf  cSSg^r^niSto^S10"1  has  been  done  with  surfaces 
not  be  representative^  natural  loM™  f°ughness-  These  surfaces  mj®" 

S&MS  SS* P™T SFgr  •  «>  r2* 
p  by  te< 

®unt  Isa  Hines,  AmtoHa  IS.  ??lUty  inTCS»«  at  1 

“  ““  *-~.'«£.S,-=  Si-iff,  IU,  _ 
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tube,  triple  tube  core  barrell  so  that  most  of  the  joints  were  well  preserved. 

The  rock  types  involved  were  shale,  siltstones  and  slates,  and  a  variety  of 
different  joints  in  terms  of  orientation,  roughness  and  surface  coating  were 
available.  Most  of  the  joints  discussed  here  were  remarkably  planar  in  the 
dimensions  of  the  drill  core.  On  appearance  they  could  be  divided  into  two 
broad  classes: 

(  i)  Shear  fractures  or  faults.  These  tend  to  be  slickensided  or  polished 
and  have  mainly  chlorite  or  sometimes  graphite  coatings. 

(ii)  Extension  fractures.  These  tend  to  be  more  interlocked  on  a  fine 

scale  and  their  coatings  are  usually  limonite,  pyrite,  quartz,  dolomite 
or  occasionally  they  may  be  clean. 

From  the  outset,  it  became  apparent  that  different  joints  showed  vastly 
different  behaviour  during  the  initial  stages  of  sliding.  They  could  be  divided 
into  four  groups  with  some  intermediate  behaviour.  The  types  of  initial  load  - 
displacement  curve  obtained  are  shown  in  Fig.  14  and  tabulated  in  Table  2. 

TABLE  2  (after  Rosengren  [1,2]) 


LOAD-DISPLACEMENT  CURVE  CHARACTERISTICS  FOR  NATURAL  JOINTS. 


Type  of  Behaviour 

Characteristic  Joints 

A. 

No  slip  until  peak  load  then 
gradual  drop  off  to  residual 
value.  Fig.  l4a. 

Joints  with  large  interlocking 
asperities;  bedding  planes  with 
cross  ripples;  faults  with  cross 
slickensides  or  grooves. 

B. 

Well  defined  initial  slip 
which  continues  at  con¬ 
stant  load.  Fig.  14b. 

Joints  with  hard,  fairly  smooth 
surfaces;  also  Narrandera 
quartzite. 

C. 

Well  defined  initial  slip 
which  continues  with 
rising  load.  Fig. l4c. 

Relatively  rough,  chlorite  or 
graphite  coated  surfaces;  very 
smooth  hard  surfaces. 

D. 

Continuous  curvature  of 
load  displacement  curve. 

Fig.  14  d. 

Faults  with  smooth  or  polished 
chloritic  surfaces. 

Goodman  (31)  has  similarly  identified  four  types  of  shear  stress-displace¬ 
ment  relationship  for  naturally  occurring  planes  of  weakness.  The  recognition 
of  these  types  of  load-deformation  curve  is  of  great  practical  significance 
since  they  provide  guidelines  to  the  type  of  joint  characteristic  which  should 
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be  Incorporated  in  analyses.  Ihe  significance  of  such  curves  in  respect 
of  finite  element  analyses  incorporating  joint-elements  is  discussed  in 
Section  2.3,  of  Appendix  II  of  this  report. 

Significant  findings  of  Rosengren's  testing  program  carried  out 
using  the  modified  triaxial  technique  were: 

(i)  Despite  the  wide  variation  in  types  of  surface  tested,  the 
coefficients  of  friction  nearly  all  fell  in  the  narrow  range 
0.5  to  0.7*  The  principal  exceptions  were  the  graphite 
coated  faults  which,  as  would  be  expected,  give  lower  values 
of  the  range  0.2  to  0.3. 

(ii)  Those  joints  which  were  tested  with  pore  pressure  appeared  to 
obey  the  effective  stress  law.  There  was  no  significant 
difference  in  frictional  behaviour  of  wet  and  dry  surfaces. 

One  test  indicated  that  the  coefficient  of  friction  for  polished 
chlorite  coated  surfaces  may  be  lowered  by  the  presence  of 
water  (c/f.  Horn  and  Deere  (17)). 

(iii)  All  joints  tested  showed  a  small  residual  cohesion  of  up  to 
200  p.s.i. 

Rosengren  (1,2)  recognized  that  the  major  deficiency  of  this  work  is 
that  the  size  of  the  joints  tested  is  extremely  small  compared  with  the 
size  of  joints  influencing  an  engineering  structure  in  rock.  The  longer 
wavelength  undulations  found  in  natural  joint  planes  (see  Section  5  below) 
are  not  taken  into  account,  and  so  it  appears  likely  that  the  friction 
parameters  measured  would  be  minimum  values,  at  least  in  terns  of  peak 
resistance.  Rosengren's  techniques  have  been  adapted  to  6  in.  diameter 
specimens  by  Jaeger  (^9)  and  by  the  author  at  the  James  Cook  University 
of  North  Queensland,  Australia.  Results  obtained  for  graphite  coated 
joints  in  the  rocks  tested  by  Rosengren  have  given  similar  friction 
parameters  to  those  obtained  using  2  in.  diameter  specimens.  Obviously 
much  more  work  is  required  before  an  answer  to  the  question  of  the  influ¬ 
ence  of  size  on  joint  strengths  can  be  answered. 

5  INFLUENCE  OF  THE  SURFACE  TEXTURE  OF  JOINTS. 

5,1  Ihe  General  Problem. 

The  variations  in  surface  texture  occurring  from  joint  to  joint  or 
over  a  given  joint  surface  cause  difficulties  in  the  determination  of  the 
strength  of  rock  joints  not  met  in  measuring  the  frictional  properties  of 
most  other  engineering  materials.  Until  very  recently,  most  work  on  the 
frictional  properties  of  rock  surfaces  or  natural  surfaces  which  have 
been  qualitatively  described  as  "rough"  or  "smooth".  The  area  most  needful 
of  further  research  is  undoubtedly  the  quantification  of  the  relationship 
between  surface  texture  and  joint  strength. 
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The  problem  of  the  influence  of  size  on  joint  strength  referred  to 
in  Section  4.7  above  is  intimately  linked  with  that  of  surface  texture. 
Deere  et  al  (50)  have  provided  a  useful  illustration  of  how  laboratory 
tests  and  in  in-situ  tests  may  measure  the  influence  of  surface  features 
different  from  those  governing  prototype  behaviour  (Fig.  15). 

5 . 2  Elementary  Theory. 

For  the  ideal  case  shown  in  Fig.  16a,  the  limiting  conditions  of 
equilibrium  are  given  by  the  relation 


H  =  V  tan  <f> 

v 


or 


tan  ♦y  ■  ...(40) 

where  V  is  the  vertical  or  normal  force,  H  is  the  horizontal  or  shear 
force,  and  tan  p  is  the  true  coefficient  of  friction  between  the  two 
surfaces .  y 

If  the  joint  is  inclined  at  an  angle  i  to  the  shear  direction  as 
in  Fig.  18b,  the  resultant  force  on  the  joint  plane  is  inclined  at 
(<J>  +  i)  to  horizontal  in  the  limiting  equilibrium  condition.  In  this  case, 

H  =  V  tan  (p  +  i) 

v 


or 


tan  U  +  i)  =  ft  ...(41) 

y  H 

and  the  apparent  coefficient  of  friction  given  by  V  is  greater  than 
the  true  value.  Eqn.  4l  also  holds  for  negative  values  of  i  (Pig.  16c) 
if  the  correct  algebraic  value  of  i  is  used. 

The  true  coefficient  of  friction  for  the  surfaces  may  be  obtained 
by  expanding  the  term  tan  (<}>  +  i)  to  get 

tan  p  =  T7  -  tan  i 
U  V _ 

1  +  ^  tan  i  . .  .(42) 

Bray,  (12,13)  has  shown  how  the  apparent  friction  angle  can  change 
with  displacement  as  slip  proceeds.  For  the  idealized  surface  profile 
shown  in  Fig.  17a,  an  initial  apparent  friction  angle  of  p  +  will  be 
recorded  for  slip  on  the  A  planes.  With  continued  movement  in  the  same 
direction,  the  position  shown  in  Fig.  17b  will  eventually  be  reached, 
with  slip  proceeding  down  the  B  surfaces.  The  apparent  angle  of  friction 
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is  now  <j>  -  X2.  As  movement  continues,  the  apparent  friction  angle 

alternates  between  these  two  limiting  values  as  shown  in  Fig.  17c. 

Withers  (51)  investigated  the  validity  of  this  elementary  theory 
using  flat  and  sinusoidal  surfaces  of  mildjsteel,  copper  and  plexiglass. 
For  the  sinusoidal  surface  shown  in  Fig.  18,  he  found  that  the  resistance 
to  the  first  relative  movement  is  the  peak  resistance  and  is  given  by 

H  =  V  tan  (<|>  +  i)  ...  (4l) 

After  the  initial  movement,  the  angle  <)>  +  i  decreases  for  sinusoidal 
surfaces,  and  the  resistance  to  slidingyis  lowered.  If  ( <f>  +  i)  >  it , 
initial  movement  can  take  place  only  by  shearing  through  y  2 

the  intact  material. 

Where  the  normal  load  increases  linearly  with  deformation,  the 
sliding  resistance  also  increases  with  deformation  and  is  given  by 

H  =  (V1  +  kZ)  tan  (*  +  i)  ...(43) 

where  V.  is  the  normal  load  when  movement  on  the  joint  surfaces  is 
initiated,  k  is  the  slope  of  the  load-deformation  curve  for  the 
material,  and  Z  is  the  vertical  component  of  movement  on  the 
sliding  surface. 

Patton  (52,53)  has  also  examined  the  validity  of  Eqn.  4l  using 
plaster  of  paris  with  sand  or  kaolin  filler  as  a  model  material  in 
tests  on  samples  in  which  the  sliding  surfaces  were  either  smooth  and 
flat  or  contained  moulded  rectangular  or  saw  teeth  as  illustrated  in 
Fig.  19..  A  linear  relation  between  N  and  S  was  found  for  the  flat 
surfaces  with  <J>  in  the  range  27^°  to  31°.  In  the  models  with  saw 
teeth,  two  type§  of  behaviour  were  observed.  Under  low  normal  loads, 
the  upper  half  of  the  specimen  rode  up  over  the  teeth  on  the  lower 
half,  the  S/N  relation  being  a  straight  line  through  the  origin  with  a 
slope  of  (<J>  +  i).  Under  higher  normal  loads,  the  teeth  were  sheared 
off  and  theyfailure  relation  was  another  straight  line  of  slope  <f>  =  q>  , 
and  an  intercept  on  the  S  axis  corresponding  to  the  load  requiredrto  y 
shear  through  the  teeth.  This  intercept  Increased  with  the  nuirber  of 
teeth  in  a  specimen  (Fig.  20).  Patton  therefore  suggested  that  for 
real  rock  surfaces  a  single  linear  failure  relation  may  be  unrealistic 
in  view  of  the  possibility  of  multiple  nodes  of  behaviour. 

5*3  Measurement  and  Description  of  Surface  Texture. 

American  Standard  ASA  B  46.1-1962  (54)  defines  surface  texture  as 
the  repetitive  or  random  deviations  from  the  normal  surface  which  form 
the  pattern  of  the  surface.  Surface  texture  has  four  components: 

(i)  Roughness  consisting  of  the  fine  scale  irregularities,  or 
asperities,  in  the  surface  which  contribute  to  the  surface 
"finish". 
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Waving ss  consisting  of  the  larger  scale,  long  wave langth 
undulations  in  the  surface.  ”  ’ 

(ill)  a  which  is  the  direction  of  the  predominant  surface  pattern. 

(iv)  Flaws  which  are  irregularities  which  occur  at  one  place  or 
at  relatively  infrequent  or  widely  varying  Intervals  in  a 
surface. 

Instruments  for  the  measurement  of  surface  finish  are  widely  used 
in  metal  cutting.  These  consist  of  a  fine  radius  diamond  stylus  which 
follows  the  asperities  as  it  is  moved  across  the  surface.  The  surface 
profile  is  continuously  recorded  on  a  chart  and/or  electrically  averaged 
and  displayed  on  a  meter  as  the  arithmetic  average  root  mean  square  devi¬ 
ation  from  the  mean  surface.  Examples  are  the  Talysurf  used  by  Byerlee  (43) 
and  the  Brush  Surfindicator  used  by  Hoskins,  Jaeger  and  Rosengren  (36). 

The  maximum  range  of  such  instalments  is  usually  1000  microinch  deviation 
and  so  they  are  only  useful  for  measuring  "smooth"  surfaces  produced 
in  the  laboratory. 

standard  r°ughness  width-cutoff  of  these  instruments  is  usually 
0.030  in.  and  waviness  of  wavelength  greater  than  this  value  is  therefore 
not  inciuded  in  the  surface  measurement.  Horino,  Hoskins,  and  Ellickson 

have  developed  an  instrument  consisting  of  an  LVDT  probe  with  a 
maximum  range  from  200  to  40,000  microinch.  The  probe  is  mounted  relative 
to  the  traversing  table  of  a  milling  machine  and  so  can  measure  both 
roughness  and  waviness . 

Waviness  can  be  measured  with  a  coarse  measuring  instrument  such 
as  dial  gauge  moving  on  a  fixed  baseline  relative  to  the  rock  surface. 

This  is  a  time  consuming  operation  and  an  LVDT  feeding  an  X-Y  recorder 
is  a  more  sophisticated  method. 

The  roughness  and  waviness  of  a  ground  rock  surface  will  depend  on 
the  method  of  grinding,  the  type  of  grinding  medium  and  the  mineralogy  of 
the  rock.  As  an  example,  grinding  with  600  grit  carborundum  powder  will 
give  a  roughness  of  30  to  100  microinch  for  most  rock  types .  Much  smoother 
surfaces  can  be  obtained  using  alumina  powder  or  diamond  paste.  The  lay  of 
the  surface  will  be  determined  by  the  grinding  rrethod.  For  example,  an 
oscillating  diamond  wheel  will  produce  a  linear  lay  whereas  grinding  by  hand 
on  a  glass  plate  will  produce  a  circular  type  lay. 

It  is  only  very  recently  that  any  quantitative  information  on  the 
surface  texture  of  natural  joints  has  been  produced.  All  four  texture 
components  are  irrportant  with  waviness  and  lay  probably  the  most  significant. 
A  nunber  of  techniques  for  collecting  data  on  surface  texture  have  been 
recently  developed  so  that  this  aspect  of  the  problem  does  not  present  any 
great  difficulty  at  the  present  time.  The  greater  difficulty  lies  in  the 
presentation  and  use  of  this  data.  Should  an  attempt  be  made  to  relate 
mean  surface  routines s  to  joint  strength  as  is  done  in  the  case  of  "smooth" 
surfaces  described  above ,  or  should  only  the  major  surface  features  be 
considered?  These  questions  as  yet  remain  unanswered. 
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Rengers  (27)  has  developed  a  unique  form  of  presentation  of  surface 
data  which  could  lead  to  a  solution  of  this  problem.  Different  measuring 
techniques  are  used  for  speciir*-:  is  in  different  size  ranges.  For  surfaces 
on  the  scale  of  hand  specimens,  a  stereodepth  measurement  microscope  is 
used  with  both  horizontal  and  vertical  displacements  being  recorded  with 
arbitrary  enlargement  on  an  X-Y  recorder.  For  profiles  of  a  size  between 
20  cm.  and  2  m,  a  specially  developed  "profUograph"  (55)  is  used.  The 
profilograph  traverses  the  rock  surface  in  a  series  of  straight  lines 
and  records  surface  roughness  with  1:1  correspondence  by  mechanical  means. 
Terrestrial  photogrammetry  is  used  for  recording  profiles  of  larger 
in-situ  surfaces. 

Rengers'  method  of  describing  surfaces  using  data  so  obtained  is 
illustrated  in  Fig.  21.  A  reference  plan  is  chosen  parallel  to  the 
largest  observable  extension  of  the  joint  plane.  Ihe  intersection  of 
this  plane  with  the  plane  of  a  given  profile  is  the  line  indicated  by 
"ref"  in  Fig.  21a.  On  the  recorded  profiles,  measuring  points  are  set 
out  with  a  mutual  separation  measured  parallel  to  ref  of  L  =  1  mm 
which  in  fact  represents  real  steps  of  O.lmn,  1  mm  and  2  cm  on 
stereanicroscope,  profilograph  and  photogrammetric  profiles  respectively. 

From  every  such  point  on  the  profile,  connection  lines  are  drawn  to  other 
points  at  p re-determined  steps izes ,  nL,  away.  The  connection  lines  make 
positive  and  negative  angles  a  with  the  reference  line.  Fig.  21b  shews  a 
plot  of  tan  a  against  real  stepsize  for  the  profiles  shown  in  Fig.  21a. 

Using  this  form  of  presentation  of  profile  data,  some  very  important 
aspects  of  the  relative  moment  of  two  surfaces  can  be  easily  demonstrated. 

For  example,  the  roughness  pattern  can  obviously  be  different  for  positive 
and  negative  angles  of  a  indicating  that  the  two  different  senses  of 
relative  movement  along  a  profile  will  show  different  frictional  properties. 
This  distinction  cannot  be  made  using  other  methods  of  presentation  such  as 
departure  from  a  mean  surface.  Further,  a  relationship  between  dilatation 
and  relative  movement  can  be  plotted  from  this  data,  assuming  that  all 
asperities  will  be  overridden  rather  than  sheared  through. 

Mathews  (56)  used  a  method  for  measuring  surface  profiles  of  laboratory 
specimens  in  which  dial  gauge  readings  were  taken  on  a  grid  pattern  over 
the  surface.  For  specimens  of  approximately  9  in.  long  x  6  in.  wide  dial 
gauge  readings  were  taken  at  0.125  in.  intervals  along  lines  spaced  0.5  in. 
apart  and  parallel  to  the  long  direction  of  the  specimen.  A  plane  of  best 
fit  was  determined  for  each  surface  using  a  multiple  linear  regression 
analysis,  and  a  contoured  plot  of  heights  above  and  belcw  this  plane  produced 
on  a  computer.  Mathews'  approach  has  been  modified  at  the  James  Cook 
University  of  North  Queensland  where  profiles  are  continuously  recorded 
by  the  outputs  of  longitudinally  and  vertically  mounted  LVDT's  produced 
when  the  specimen  mounted  in  a  milling  machine  is  moved  forward  (c/f.  Horino, 
Hoskins  and  Elllckson  (5*0). 

From  these  surface  profile  measurements  and  measurements  of  shear  and 
normal  displacements  occurring  during  direct  shear  tests,  Mathews  was  able 
to  show  how  the  two  surfaces  moved  relative  to  each  other  during  a  test,  and 
locate  local  zones  of  shearing.  As  an  example ,  consider  the  results  of  a 
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after  1  in.  of  sliding  are  shown  in  Pig.  23.  -pecimen 

In  a  series  of  tests  on  such  specimens  taken  from  the  sare  hpddino- 
“gained  peak  angles  of  friction  varying  between  15° 

~ -MS*  SS^htsS^ 

ness  value^calculated  "StK  SSSttaS  SaS  £f" 

abnormal  ^es°s  m“  °f  ““  tan""Je  °f 
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Roughness  ( micro  -  inches ) 


Pig.  1:  Variation  of  the  Coefficient  of  Friction  (M>)  with  Roughness. 
(After  Byer lee  [16] ) . 
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Fig.  3:  Results  of  Direct  Shear  Tests  on  Joints  in  Porphyry. 
(After  Hoek  [25]). 
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Pig.  5:  Load  Displacement  Curves  for  Smooth  Red  Granite  with  Surface 
Roughness  35  t  5  /*ln- 


Figure  18:  Sinusoidal  Frictional  Surface. 


Figure  20:  Experimental  Results  from  Shearing  a  Sawtooth  Model  of 
a  Friction  Surface.  (After  Patton  [52]). 
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Figure  22:  Experimental  Results  from  Shearing  a  Carbon  Coated  Bedding 
Plane  of  Shale. (After  Mathews  [56]). 


Figure  23:  Relative  Position  at  One  Edge  of  Specimen  of  Experiment 
Shown  in  Figure  22. 
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THE  COLLAPSE  OP  HLOCK-JOMED  SYSTEMS  -  PREVIOUS  WORK 
1  SCOPE. 

strength  of  block-j ointe^roc^masses  ^ill^he^"^^  ^  the  failure  and 
problem  to  be  considered  is  one  in  which  ^h* ,  Generally,  the 

magnitude  smaller  than  the  rock  mass  heW  in^  bl°ck  size  is  an  order  of 
Thus,  we  will  not  consider  the  g  1?df?  and  halved  in  collapse. 

**>"  a  slope,  a  case^hS  S?  ?f  ?  slnSle  bSck 

Md„Kr  OP 

Both  experimental  and  analytical  approaSe^  bTSiSsed 

2  ANALYTICAL  METHODS. 

2-1  m^SB^miSEUtSL^  on  a  Single  .mint 

strength  S  joi^ed^steS^s^aerer ^tlnSiP°^nt  f°r  dlscussl°ns  of  the 
for  sliding  on  a  single  plane  of  wXkness  ^T)3  °r  thf  conditions  required 
situation  shown  in  Pig.  l  in  which  a  -tnin-t-  onsider  the  two-dimensiona 

is  inclined  at  an  angle  3  £  tS  Sire^S  °ther  Plane  <*  weakness,  AB, 

The  normal  and  shear  stresses  on  the  p°£n°e  ft  ^"^fby^8’  °3' 


n 


1/2  (a^  +  a^) 


+  1/2  (a^  -  a^)  cos  23 


and 


(ct1  "  a3)  sin  2fi 


Assuming  that  the  linear  shear  strength  law 


s  =  Cj  +  an  tan  * 


(la) 


(lb) 


(2) 


holds  for  the  plane  of  weakness,  the  conditions  for  slip  on  AE  are  given  by 
*  (or  -  o3)  sin  26  >,  0j  +  ft  (0,  +  83)  +  ,,  (9l  .  „s)  (oos 

J 


or 


o1(sin(26-*J)  -  sinf,)  -  ,3(BlnC28.tj)  +  slntj)  ,  2  0 


J  COS  <t>j 

(3) 
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For  those  conbinations  of  al3  c3,  3,  4.  and  c,  for  which  the  left 
hand  side  of  Eqn.  3  is  less  than  2  c,  cos  4“,  failure  can  only  take 
place  through  the  rock  material,  andJ presumably  will  be  unaffected  by 
the  presence  of  the  discontinuity,  AB.  Jaeger  has  also  described  these 
conditions  for  failure  in  terms  of  a  Mohr’s  circle  construction.  If  in 
Fig.  1  the  point  D  representing  the  state  of  stress  on  a  given  plane  lies 
in  the  arcs  AQ  or  RC,  slip  cannot  occur,  but  for  D  in  the  arc  QR,  slip 
on  the  joint  will  take  place.  If  a  1  is  increased  until  the  Mohr’s  circle 
becomes  tangent  to  the  failure  envelope  for  the  rock  material,  failure 
through  the  rock  material  can  occur  when  slip  on  the  joint  plane  is 
inhibited. 

The  conditions  for  slip  given  by  Eqn.  3  may  be  expressed  in 
several  alternative  forms.  By  introducing  the  principal  stress  ratio 
k  =  £3_,  Eqn.  3  can  be  re-written  to  give  an  expression  for  the  value 
c  1  of  the  major  principal  stress  required  to  produce  slip. 


2c^  cot  <J) ^ 

i.e.  01  *  sin  (23  -  4»j )  cosec  4,  (1  -  k)  -  (1  +  k) 


...(*0 


In  many  cases  it  is  more  useful  to  be  able  to  express  these  conditions 
in  terms  of  the  principal  stress  difference  (ci  -  a3)  required  to  produce 
slip  at  constant  a3. 


i.e. 


°  1  “  a3 


2(cj  +  a 3  tan  <^) 

(1  -  tan '  <jij  cot  3)  sin  23 


...(5) 


It  is  instructive  to  plot  the  variation  in  the  value  of  (a!  -  03) 
required  to  produce  slip  against  the  angle  3.  Note  from  Eqn.  5  that 


ci  -  c3  -*■  «>  as  sin  23  ->■  o 


i.e.  as  3  +0  or  j', 

and  that  C]^  -  o3  »  as  (1  -  tan  <(>j  .  cot  3)  ->■  o 
i.e.  as  3  -»•  <j>j 


To  find  the  angle  at  which  the  principal  stress  difference  at  slip 
(c !  -  o3)  takes  a  minimum  value  put  the  derivative  d  (oj  -  oq)  equal 
to  zero.  It  is  found  that  the  minimum  occurs  when  d3 

tan  23  =  -  _ 1  =  -  1 


and  that  this  minimum  value  is 


(°  1  “  °3)  min. 


2(Cj  +  p 


C 3 )  ((1  +  u2)  ^  +  Vi) 


.(6) 
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As  noted  previously,  fracture  of  the  rock  material  must  occur  if  cj 
is  increased  beyond  some  critical  value  in  those  cases  in  which  the  joint 
orientation  is  unfavorable  for  slip.  Assume  for  the  purposes  of  the  present 
discussion  that  fracture  of  the  rock  will  take  place  according  to  the 
Mohr- Coulomb  criterion 

S  =  co  +  an  tan  *0  ...(7) 

It  can  be  shown  that  in  this  case, 

/  \  _  2(c  cos  <j>  +  a3  sin  <j>  ) 

Ui  -  a  3  ^  -  o _ o  3 _ 

1  -  sin  6 

o 

or  alternatively, 

(°1  -  a 3 )f  =  2  (cq  +  yQ  .  a3)  ((1  +  yQ2)^  +  yQ)  ...(8) 

where  y  =  tan  <J>  . 
o  o 

Ihe  information  given  by  Eqns.  5j  6,  and  8  is  best  represented 
graphically  using  one  of  three  forms  of  presentation.  Fig.  2a  shows 
a  Cartesian  plot  of  (oi  -  c3)f  against  the  angle  0.  This  form  of 
presentation  was  used  by  Jaeger  in  his  original  work  and  has  been  used 
by  Nelson  and  Hirschfeld  (8)  to  present  the  results  of  a  comprehensive 
analysis  of  the  conditions  for  failure  of  a  set  of  jointed  plaster 
models.  Fig.  2b  shows  the  same  information  in  polar  co-ordinates,  a 
form  of  presentation  favored  by  the  Austrian  School  of  rock  mechanics 
(9-11).  Fig.  2c  shows  a  plot  of  the  principal  stress  ratio  at  failure, 
k,  against  0.  This  form  of  presentation  has  been  used  by  Bray  (12,  13) 
and  may  be  thought  of  as  some  kind  of  reciprocal  of  the  curve  shown  in 
Fig.  2b.  The  polar  representation  shown  in  Figs.  2b  and  2c  has  an 
advantage  over  the  Cartesian  system  in  that  for  practical  problems  it 
provides  a  slightly  more  convenient  way  of  representing  the  full  range 
of  0from  0  to  180  ,  although  the  Cartesian  method  has  been  used  for  this 
purpose  (e.g.  Lombardi  (1*0).  A  plot  of  limiting  stress  against  the 
angle  0  is  sometimes  referred  to  as  the  failure  characteristic  of  the 
system. 

2.2  Application  to  Block-jointed  Systems. 

An  obvious  approach  to  the  problem  of  determining  the  stability  of 
block-jointed  rock  masses  is  to  apply  the  single  plane  of  weakness  theory 
in  several  parts.  Bray  (12,  13)  considered  the  situation  shown  in  Fig.  3a 
in  which  the  shear  strength  of  each  of  the  two  sets  of  orthogonal  joints 
is  given  by 

s  -  on  tan  *  ....(9) 


i 
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and  it  was  assumed  that  fracture  of  the  blocks  themselves  would  not  occur. 

For  this  case,  the  limiting  conditions  for  slip  on  either  set  of  joint 
planes  is  as  shown  in  Fig.  3b.  From  this  analysis  of  this  simple  problem 
Bray  was  able  to  point  to  a  feature  of  considerable  practical  consequence. 

If  a  certain  amount  of  slip  takes  place  on  the  horizontal  set  of  joint  planes 
shown  in  Fig.  3a,  the  position  shown  in  Fig.  4a  will  be  reached.  The 
vertical  joints  will  now  be  staggered  and,  as  shown  in  Appendix  I,  will  have 
a  different  apparent  friction  angle  from  that  of  the  original  planar 
surface.  The  failure  characteristic  will  now  be  that  shown  by  the  broken 
line  in  Fig.  4c.  If  slip  on  the  vertical,  joints  now  occurs,  the  new 
configuration  will  be  that  shown  in  Fig.  4b  in  which  both  sets  of  joints 
are  staggered.  The  failure  characteristic  for  this  system  is  that  given 
by  the  full  line  in  Fig.  4c.  Lobe  A  on  this  diagram  represents  the 
conditions  for  slip  on  the  A  planes  when  movement  occurs  in  the  direction 
indicated  by  the  arrows  in  Fig.  4b.  In  this  case  the  apparent  angle  of 
friction  is  reduced  to  <j>  =  30°  -  9°  =  21°  and  the  overall  volume  tends 
to  decrease.  Lobe  A ^  corresponds  to  slip  in  the  opposite  direction,  the 
apparent  friction  angle  being  increased  to  <j>  =  30°  +  9°  -  39° >  and  the 

volume  increased.  Similar  results  are  obtained  for  slip  on  the  B  planes. 

Bray  extended  the  analysis  to  cases  in  which  more  than  two  sets  of 
joints  traverse  the  mass.  He  defined  an  index  of  anisotropy 


_  _  kmax.  -  Hnin. 

k  x 

max. 


100* 


...(10) 


k  k 

where  max.  and  min.  are  maximum  and  minimum  values  of  the  principal  stress 
ratio  k  =  £3_  at  slip.  For  an  isotropic  material,  k  =  k  .  and  r  =  0. 
When  k  .  a i  =  0,  r  -  100*  and  if  k  .  is  negative  (indicating  failure 

under  tensile  stresses),  r  >  100*.  A  plot  of  the  index  of  anisotrophy,  r, 
against  N,  the  number  of  sets  of  equi-anqularly  spaced  planes  in  the  system 
(Fig.  5)  illustrates  how  dramatically  anisotropy  decreases  with  increasing 
nunbers  of  differently  oriented  planes.  Calculations  also  show  that  the 
degree  of  anisotropy  in  strength  behaviour  decreases  with  increased  joint 
friction. 

In  considering  how  practical  problems  may  be  treated  it  is  as  well  to 
remenber  that  not  all  joints  existing  in  natural  rock  masses  are  continuous. 

A  set  of  joints  may  be  said  to  be  continuous  if  it  is  possible  to  construct 
sections  through  the  rock  mass  that  nowhere  cut  across  intact  rock.  A  useful 
concept  in  the  treatment  of  intermittent  jointing  is  the  two-dimensional 
extent  of  jointing,  defined  by  John  (10)  as  the  ratio  of  the  areal  extent 
of  the  set  of  joints  along  a  section  plane  parallel  to  the  areal  extent  of 
the  entire  sect  lorn  For  the  situation  shown  in  Fig.  6  where  a  plane  of  area 
A  passes  through  three  joints  having  areas  A i ,  A2  and  A3,  the  two-dimensional 
extent  of  the  set  of  joints  is  given  as 


X  = 


_  Ai  +  A?  +  A3 


A 


...(ID 
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If  a  joint  is  continuous,  x  =  1,  and  if  no  jointing  exists,  x  =  0. 

It  should  be  noted  here  that  the  determination  of  the  value  of  x  for 
any  given  joint  set  is  one  of  the  more  difficult  aspects  of  any  field  joint 
survey.  In  theory,  it  is  necessary  to  trace  a  particular  joint  across  at 
least  two  surfaces  approximately  at  right  angles,  but  this  is  often  not 
possible  and  averaging  must  be  resorted  to.  Ihe  two  dimensional  extent  can 
be  approximated  by  assuming  rectangular  shapes  for  the  joints  and 
measuring  the  linear  continuities  of  two  intersections  with  exposed 
surfaces  at  rl$it  angles. 

The  concept  of  the  two-dimensional  extent  of  jointing  has  been  combined 
with  the  single  plane  of  weakness  theory  to  provide  an  approach  to  the 
estimation  of  the  strength  of  a  rock  mass  containing  intermittent  jointing. 
This  approach  assumes  that  for  a  jointed  rock  mass  such  as  that  illustrated 
in  Fig.  7a,  failure  may  take  place  by  shear  of  the  rock  material,  by  slip 
on  a  continuous  joint  plane,  by  combined  slip  on  an  intermittent  joint 
plane  and  shear  through  the  rock  material,  or  by  tension  failure  of  the 
rock  material  should  one  of  the  principal  stresses  be  tensile.  (It  will  be 
shown  later  that  modes  of  failure  other  than  these  should  be  allowed  for 
at  low  ambient  pressures . )  Assuming  that  Mohr-Coulomb  criteria  apply  for 
both  joints  and  rock  material,  the  three  following  shear  strengths  could  be 
assigned  to  our  hypothetical  rock  mass : 

(i)  S  =  cq  +  aR  tan  <j)o  ...(12) 


This  describes  the  shear  strength  of  the  rock  material  and  is  presumed 
to  appl^j  for  failures  on  all  planes  other  than  those  given  by  0  =  60°  and 
0  =  105  in  Fig.  7a.  It  is  an  implicit  assumption  of  the  method  that 
failure  conditions  in  this  case  will  be  unaffected  by  the  presence  of  the 
joints . 


(ii)  S 


CJ  +  °n  tan  *j 


(13) 


This  describes  the  shear  strength  of  the  joint  planes  inclined  at 
0  =  60°  to  the  reference  direction. 


(iii) 


S  -  (Xc,  +  (1  -  x)  c  )  +  o  (x  tan  <j>,  +  (1  -  x)  tan  <f>  ) 

J  o  n  j  °.(i4) 


This  gives  the  shear  strength  of  the  rock  mass  in  the  direction  of  the 
intermittent  joint  planes  (0  =  105°)  and  represents  a  simple  averaging  of 
joint  and  rock  strengths.  Whether  this  approach  can  be  related  to  the 
mechanics  of  failure  is  extremely  doubtful  since  it  is  unlikely  that  peak 
joint  friction  and  peak  rock  strength  could  be  mobilized  simultaneously. 
Lajtai  (15)  has  introduced  a  mobilization  factor,  C,  which  may  take  any 
value  between  0  and  1,  and  indicates  the  degree  to  which  the  strength  of 
a  joint  plane  may  be  mobilized  in  shear.  Thus,  Eqn.  14  may  be  modified  to 

S  =  (Cxcj  +  (1  -  x)  cQ)  +  an  (Cx  tan  ^  +  (1  -  x)  tan  <f>Q) 

. . . (l4a) 
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For  certain  values  of  3,  the  angle  made  by  joint  set  A  with  the  os 
direction,  slip  on  either  set  of  joint  planes  cannot  occur,  and 
failure  of  the  system  must  be  by  fracture  of  the  rock  material 
according  to  Eqn.  12.  Over  certain  other  ranges  of  3,  failure  of 
the  system  will  be  governed  by  Eqns.  13  or  l^a.  The  form  of  the 
resultant  variation  in  principal  stress  difference  at  failure  with 
the  angle  3  is  shown  in  Fig.  7b. 

In  applying  this  approach  to  determine  the  stability  of  a  rock 
a  given  situation  it  is  also  necessary  to  determine  the 

SfSU=1511»MShef’  strfses  wlth  6-  Bs  comparing  the  shear  stresses 
and  the  available  shear  strength  for  various  orientations  it  is 

possible  to  prepare  a  polar  diagram  of  "factor  of  safety"  or 
resistance  quotient"  against  3(10).  This  procedure  generally 
requires  the  assumption  that  a  joint  will  be  encountered  at  the 

point  being  considered  (the  "ubiquitous"  joint  concept  introduced 
by  Goodman  (16)). 

T preceding  analysis  assumes  that  shear  failure  will  occur, 
ii  tensile  stresses  exist  an  analogous  procedure  may  be  applied. 

John  (10)  has  presented  detailed  exainples  for  both  cases.  Obviously, 
these  calculations  can  be  most  conveniently  carried  out  on  a  coriputer. 

2-3  Limitations  of  this  Approach. 

The  methods  outlined  in  Appendix  I,  Sections  2.1  and  above 
section  2.2  provide  a  useful  engineering  approach  to  the  problem  of 
calculating  the  strength  of  rock  masses ,  and  currently  find  widespread 
use  in  practice.  However,  it  should  be  recognized  that  they  consider- 

^ly  over-simplify  the  problem  and  suffer  from  a  number  of  serious 
limitations . 

(a)  Stress  distributions. 

,.  ,  ™etho^s  Ascribed  above  inplicitly  assume  that  the  stress 
distribution  within  the  mass  is  a  uniform  one  and  is  not  Influenced 

byn  ^e^pre^nGe  °f  J°ints  •  This  assunption  can  be  accepted  as  being 
valid  for  those  cases  in  which  the  two  surfaces  forming  a  joint  are 
perfectly  matched  and  In  which  no  slip  has  occurred  (17).  As  soon 
as  slip  on  any  joint  occurs,  the  stresses  redistribute  and  can  depart 
quite  markedly  from  the  uniform.  Photo-elastic  investigations  by 
Ghappeli  (18)  for  example,  show  this  to  be  the  case  in  the  simple 
situation  in  which  the  central  block  in  a  group  of  three  slips  on  the 
joint  pianes  formed  with  the  other  two,  as  well  as  in  more  complex 
situations  such  as  in  the  roof  of  an  underground  opening  excavated 
In  blocky  rock. 

More  realistic  stress  distributions  than  those  calculated  from  the 
simple  equations  for  the  transformation  of  plane  stress ,  may  be  calcu- 
lated  using  finite  element  methods  incorporating  joint  elements 

t  ~2b  *  this  sPProa.ch,  the  rock  blocks  are  assigned  the  usual 
elastic  properties  and  divided  into  finite  elements  while  the  joints  are 
treated  as  elements  of  finite  length  and  small  thickness  with  certain 
normal  and  shear  stiffnesses  and  shear  stress  shear  strain  characteristics, 
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Initially,  the  stress-strain  characteristics  assumed  were  highly  idealized 
e.g.  elastic  -  perfectly  plastic  (16).  More  recently,  however,  methods 
using  more  realistic  non-linear  joint  characteristics  have  been  developed 
(22-24).  These  newer  methods  permit  the  modeling  of  curved  and  variable 
thickness  joints  using  curved  isoparametric  elements.  Present  methods 
assume  that  the  shape  of  the  joint  shear  stress-shear  strain  curve  is 
independent  of  normal  stress.  Thus,  a  unique  dimensionless  plot  based 
on  residual  shear  stress  (x  )  and  an  elastically  related  value  of  shear 
strain  (y  )  as  shown  in  Pig.  8  is  assumed  for  each  joint  type.  While 
this  approach  represents  a  considerable  advance  over  former  methods,  it 
will  not  always  provide  accurate  solutions  because  of  the  assumption 
of  the  uniqueness  of  the  shear  stress-shear  strain  relationship. 

Finite-element  methods  have  been  applied  to  the  problems  of  the 
stability  of  underground  openings  in  jointed  rock  subject  to  static 
(16,  23,  )  and  dynamic  (16)  load,  the  stability  of  rock  slopes 
(19,  25,  26)  and  the  three-dimensional  stability  of  arch  dams  (24). 

Their  value  is  that  they  permit  the  evaluation  of  reasonably  realistic 
stress  distributions  for  complex  situations  for  which  solutions  could 
not  otherwise  be  obtained.  Nevertheless,  they  depend  on  assumptions 
regarding  failure  mechanisms  which  are  usually  little  different  from 
those  used  in  the  simple  approaches  outlined  in  Sections  2.1  and  2.2 
above,  and  can  still  only  take  account  of  simplified  material  behaviour 
and  properties.  However,  they  do  possess  the  great  capacity  to  yield 
solutions  for  deformations  which  may  not  be  reasonably  calculated  by 
any  other  method.  There  is  little  doubt  that  in  the  future  these  methods 
will  provide  an  increasingly  powerful  analytical  tool,  particularly  when 
alternative  collapse  mechanisms  such  as  block  rotation  and  translation 
are  incorporated  into  programs  (26). 


(b)  Slip  and  Fracture  Criteria 


The  methods  of  analysis  referred  to  previc  sly  all  assume  linear 
Mohr-Coulomb  failure  criteria  for  the  rock  material  and  similar  laws 
for  slip  on  rock  joints,  although  in  one  case  known  to  the  author  a 
parabolic  friction  law  was  used  (27).  It  was  shown  in  Appendix  1 
that  this  approach  is  both  over-simplified  and  mis-leading.  Methods 
which  use  such  concepts  of  material  behaviour  may  provide  useful 
approximate  solutions  to  some  engineering  problems,  but  can  never  hope 
to  lead  to  a  complete  understanding  and  solution  of  the  general  problem. 
Obviously,  improved  concepts  of  the  stress-strain  behaviour  of  reck 
material  and  rock  joints  are  fundamental  to  an  inproved  understanding 
of  the  complete  load-deformation  and  volume  change  response  of  jointed 
rock  masses. 


(c)  Collapse  Mechanisms 

Three  mechanisms  were  assumed  to  be  possible: 

(i)  Slip  on  joints 

(ii)  Shear  failure  of  the  rock  material 

(iii)  Composite  shear  failure,  partly  through 
rock  and  partly  along  a  joint. 
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Experimental  studies  of  models  of  jointed  rock  have  shown  that 
mechanisms  other  than  these  are  likely  to  be  involved  (28  2°). 
(These  studies  will  be  discussed  fully  in  succeeding  sections). 
Obviously 3  methods  of  analysis  which  do  not  admit  a  full  range 
of  collapse  mechanisms  are  inadequate.  A  related  point  is  that 
i allure  of  jointed  rock  mass  is  likely  to  be  progressive  (30) 
a  factor  which  is  very  difficult  to  allow  for  in  simple  * 
analytical  methods . 


(d)  Inter-action  of  Joints 

So  far  it  has  been  implicify  assumed  that  the  strength  of  a 
jointed  rock  mass  is  unaffected  by  the  number  of  joints  of  a  given 
set  traversing  a  particular  zone  of  rock  (i.e.  by  the  joint 
spacing).  It  seems  reasonable  to  assume  that  in  a  real  rock  mass, 
the  local  re-distribution  of  stress  associate  with  slip  will  be 
joint-spacing  dependent  (i.e.  that  joints  will  "inter-act"). 

Indeed,  simple  model  studies  have  suggested  that  strength  de¬ 
creases  with  joint  spacing  (31,  32).  Ihis  factor  could  only  be 
taken  account  of  by  a  very  tedious  and  complicated  "exact" 
computer  solution  for  the  stress  distribution  in  any  given  case, 
or  by  assuming  a  "macro"  failure  criteria  for  the  mass  as  a  whole 
in  which  the  strength  parameters  varied  with  joint  spacing.  Ihe 
latter  would  appear  to  provide  the  most  useful  approach  for 
immediate  engineering  purposes. 

3  EXPERIMENTAL  INVESTIGATIONS 

3-1  General 

A  vast  majority  of  the  experimental  investigations  of  the 
failure  of  jointed  media  have  been  carried  out  in  the  laboratory 
using  idealized  models  prepared  from  substituterock-like  materials , 
such  as  gypsum  plaster  or  plaster-sand  mixtures  of  one  kind  or 
another.  In  some  cases  attempts  have  been  made  to  satisfy  the 
laws  of  similitude  and  model  a  particular  rock  mass  and  a  particular 
problem  (33}  3*0,  but  in  many  other  cases  this  has  not  been  done  for 
reasons  of  experimental  expediency. 

The  various  investigations  that  have  been  carried  out  to  date 
will  be  classified  and  discussed  according  to  the  nature  of  the 
applied  loading.  Uniaxial,  biaxial  and  triaxial  compressions, 
direct  shear,  and  special  problem  categories  will  be  considered. 

3.2  Uniaxial  Compression 
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Here,  only  those  investigations  in  which  uniaxial  conpression 
was  the  major  loading  system  used  will  be  considered.  Ihose  cases 
in  which  uniaxial  tests  were  carried  out  as  part  of  biaxial  or 
triaxial  conpression  investigations  will  be  discussed  in  the 
appropriate  section  below. 

Hayashi  (35,  36)  carried  out  a  series  of  uniaxial  conpression 
tests  on  approximately  3"  x  3"  x  6"  plaster  prisms  containing  the 
systems  of  pre-fomed  continuous  and  intermittent  Jointing  shown  in 
Figs.  9  and  10. 

For  sanples  of  the  type  shown  in  Fig.  9a,  the  application  of  a 
Coulombic  failure  criterion  for  slip  along  the  Joint  plane  gives  the 
value  of  the  uniaxial  load  at  failure  as 


cos  i  (sin  i  -  cos  i  tan  ^ )  ...(15) 

where  c.  and  tan  <j>.  are  the  cohesion  and  co-efficient  of  friction  for 
the  joint  surfaces';  and  A  is  the  cross-sectional  area  of  the  prism. 
Hayashi's  experimental  results  showed  considerable  scatter,  but  for 
i  =  30°,  ^5°  and  60  were  in  reasonable  agreement  with  Eqn.  15.  For 
i  =  15  ,  the  measured  strength  was  much  lower  than  that  predicted  by 
the  simple  Couloirbic  theory,  because  in  this  case  failure  was  by 
"tensile  cracking"  rather  than  by  sliding  on  the  joint  plane. 

In  the  sanples  illustrated  in  Figs.  9b  and  9c,  a  constant  two 
dimensional  extent  of  jointing  of  X  =  0.5  was  used,  the  total  joint 
area  being  made  up  of  1,  2,  3  or  4  individual  joints.  If  the  strength 
of  the  sample  material  is  given  by 


f  =  cQ  +  an  tan  <|>o  ...(16) 

then  the  uniaxial  load  required  for  shear  failure  in  the  plane 
containing  the  joint  is 


cos  i  (2  sin  i  -  cos  i  (tan  <j>.  +  tan  (J>  ))  ...(17) 

J  o 

As  shown  in  Fig.  10,  Hayashi's  unconfined  conpression  tests  gave 
results  that  differ  markedly  from  those  predicted  by  Eqn.  17.  This 
lack  of  agreement  is  readily  explained  by  the  fact  that  the  mode  of 
failure  observed  in  the  tests  did  not  correspond  with  that  assumed  in 
the  derivation  of  Eqn.  17  which  will  hold  only  if  failure  takes  place 
by  shear  along  the  plane  AB  in  Fig.  11.  In  fact,  failure  occurred  by 
the  formation  of  cracks  such  as  CE  and  EF  under  the  influence  of  stress 
concentration"  set  up  at  the  tips  of  the  prepared  discontinuities. 
Similar  behaviour  is  unconfined  conpression  was  observed  by  Brace  and 
Borrbalakis  (37)  who  used  the  photo-elastic  method  to  study  the  influence 
of  cracks  such  as  CE  in  Fig.  11  on  the  stress  distributions  in  brittle 
materials . 
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as  the°numben^of  tow®  S?0Wn  in  Plg'  9o>  fallure  loads  decreased 

“  e^cfoTs^  StC  r^ps 
^slbS"tofSL1i*T‘  =incf  tove^i3  ^ 

poooiDie  to  inhibit  the  development  of  tensile  failures 

t*inw  d  compression  and  direct  shear  tests  on  samples  con- 

alning  Joints  in  more  than  one  plane,  Hayashi  measured  a  decrease 
in  strengtn  as  the  number  of  parallel  rows  of  joints  (n)  increased 
2?^ Jff  f  runted  for  in  terms  of  the  statistical  theory  of  tS 
distribution  of  extreme  values  developed  by  Epstein  (38).  The 

relationship  between  n  and  the  load  required  to  induce  failure  in 
unconfined  compression  is  found  to  be  failure  in 

Pn,m=Pl,m  ^  “  v  &  loS  n  +  v{— g  (log.n)  +  log  4 _ ^ 

§/2  l0S  n  ...  (18) 
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...(19) 


where 


and 


3  =  a  constant  considerably  less  than  1 
b  =  1  -  a  ’ 

r  =  °f  the  side  length  of  the  unit  blocks  to 

that  of  the  sample. 


E  2£>  f  tteTrSiJ'of  ttet™,^oks  bec® smaller  *>  ^tlon 

tetSmi’Sf5StS  t£at  the  fr'50uency  of  JolntlngTisTa  significant  factorin'  ^ 
determining  rock  mass  strength.  A  similar  Lult 
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Sirieys  (40,  4l)  considered  the  question  of  the  uniaxial 
compressive  behaviour  of  prismatic  samples  containing  parallel 
sets  of  discontinuities  in  which  the  two  dimensional  extent  of 
jointing  varied.  Sirieys  postulated  that  for  the  X  =  1  case, 
failure  could  be  by  sliding  along  the  joint  plane  or  by  vertical 
splitting  with  no  other  possibility  being  admitted.  For  x<l,  the 
angle  made  by  the  failure  plane  with  the  horizontal  coincided  with 
that  made  by  the  joint  plane  (a)  up  to  a  certain  limiting  value 
of  a  beyond  which  failure  was  by  combined  splitting  and  sliding 
along  the  joint  plane  giving  a  stepped  failure  surface. 

Sirieys  also  considered  the  behaviour  of  the  "brick-wall" 
system  (Fig.  13)  in  unconfined  compression.  He  suggested  that 
failure  should  be  in  one  of  three  modes  depending  on  the  angle  a. 

(i)  For  0<a<38°  failure  is  by  vertical  splitting 
partly  in  the  joint  planes  and  partly  through 
the  sample  material. 

(ii)  For  38°<a<66°  a  stepwise  failure  is  predicted 
with  the  mean  failure  "plane"  making  an  angle 
of  63.4  with  the  bedding  plane. 

(iii)  For  66°<a<90°  failure  is  again  by  splitting. 

Panet  (4l)  has  also  made  brief  reference  to  uniaxial  compression 
tests  on  block-jointed  samples  in  which  tensile  and  composite  modes 
of  failure  were  obtained. 

3.3  Biaxial  Compression 

Significant  contributions  have  been  made  by  biaxial  compression 
tests  carried  out  on  plate- like  models  by  Muller  and  Pacher  (43),  John 
(11,  44)  Rosenblad  (45,  46)  and  Ergun  (17). 

Muller  and  Pacher  (43)  investigated  the  influence  of  a  number  of 
parallel,  planar  intermittent  discontinuities  on  the  strength  and 
deformation  properties  of  a  70  cm  x  70  cm.  Model  made  up  from  a 
cement- like  material  and  loaded  in  biaxial  compression  through  heavy 
steel  beams  and  a  soft  "cushioning"  material.  In  their  experimental 
design  they  attempted  to  take  account  of  seven  parameters: 

(a)  the  angle  made  by  the  joints  with  the  direction 
of  the  major  principal  stress  (ct), 

(b)  the  principal  stress  ratio  (n), 

(c)  the  degree  of  separation  of  the  joints  (x), 

(d)  the  opening  of  the  joints, 

(e)  the  number  of  joints  in  a  given  direction. 
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(f)  the  strength  of  the  joint  material, 
and  (g)  the  strength  of  the  blocks  themselves. 

MUller  and  Pacher  expressed  their  test  results  in  terms  of 
the  stability  quotient  (R)  or  ratio  of  the  strength  measured  in 
a  gi  ren  test  to  that  of  a  solid  biock  tested  under  identical 
conditions.  Fig.  14  shows  the  variation  in  R,  and  the  mode  of 
failure  with  a  for  various  values  of  n. 

For  all  tests  in  which  a  was  less  than  60°,  the  strength  of 
the  jointed  model  was  less  than  that  of  the  solid  sample,  the 
^trength  reductions  being  greatest  for  the  unconfined  case  (n  =  °°) . 
oeveral  failure  modes  including  brittle  fracture  of  the  blocks, 
sliding  on  joint  planes  and  composite  failures  were  observed. 
Deformations  were  greatest  in  the  unconfined  tests  but  quite 
probably  the  high  lateral  strains  measured  in  the  free  direction 
were  associated  with  the  development  of  splitting  type  failures. 

John  (11,  44)  carried  and  biaxial  corrpression  tests  on 
800  ran  x  400  mm  x  120  ran  thick  block-jointed  models  prepared  from 
40  nm  square  blocks  of  a  soft  model  material.  The  loads  were 
applied  by  hydraulic  pressure  acting  threugh  flexible  bags  thus 
ensuring  a  degree  of  uniformity  in  loading  not  obtained  in  many 
other  experimental  situations.  John's  unit  blocks  were  reinforced 
with  steel  rods  in  their  long  direction  so  that  failure  of  the  model 

by  extension  in  the  direction  at  right  angles  to  the  plane  of  loading 
was  prevented.  6 

A  majority  of  John's  tests  were  carried  out  with  the  blocks 
arranged  such  that  continuous  joint  planes  were  produced  at  various 
angles  to  the  principal  stress  directions.  In  a  few  cases  blocks 
were  staggered  so  that  a  two-dimensional  extent  of  jointing  of  y  = 
was  produced. 

Three  modes  of  failure  were  observed: 

(a)  sliding  on  joints 

(b)  shearing  of  elements 


(c)  shearing  of  elements  affected  by  joints. 

John  found  that  his  experimental  results  were  well  represented  by 
the  analytical  procedures  presented  in  Sections  2.1  and  2.2  above  except 
in  a  transition  zone  in  which  type  (c)  failures  occurred.  In  these 
cases  the  polar  diagram  of  strength  against  joint  orientation  was  modified 
in  the  manner  shown  in  Fig.  15. 

,  .  ^  interesting  feature  of  John's  results  a  specimen  with  two  sets  of 
*1°  2  pla™fs  each  inclined  at  45  to  the  specimen  axes.  Because  of  the  test 

MnpkfTSion’h311?  °n  elther  set  of  J'olnt  Planes  was  inhibited  and  individuaJ 
blocks  failed  by  cleavage,  apparently  under  a  wedging  action.  A  similar 
phenomenal  has  been  observed 
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by  Rosenblad  ('(6)  and  Brown  ('17,  48).  Note  also  that  breakdown  of 
John's  model  is  progressive  and  apparently  time  dependent. 

Using  fine  sand  and  gypsum  cement  Rosenblad  developed  a  material 
which  closely  modeled  the  properties  of  a  certain  schistose  gueiss. 

Pre-cast  blocks  of  this  material  were  used  to  prepare  plane 
block-j ointed  models.  He  developed  a  special  loading  system  which 
permitted  uniform  loads  to  be  maintained  along  any  side  of  his 
block-jointed  models  even  though  slip  on  seme  joint  plane  may  have 
occurred  and  the  loaded  faces  were  no  longer  planar.  Rosenblad 
observed  four  modes  collapse: 

(a)  Initial  -  slip  along  joints 

(b)  Secondary  -  vertical  tensile  fractures  (His 
model  was  horizontal) 

(c)  Tertiary  horizontal  tensile  fractures  i.e. 
failures  of  blocks  due  to  extension  in  the 
direction  at  right  angles  to  the  plane  in 
which  the  loads  were  applied. 

(d)  Ultimate  -  shear  failures  through  intact  material. 

Type  (b)  failures  were  associated  with  joint  orientations  of  45° 
to  the  principal  stress  directions  as  in  the  case  described  above  for 
John's  tests.  Type  (c)  failures  were  common  and  represent  a  severe 
limitation  in  Rosenb lad's  test  system. 

Rosenblad  measured  the  percentage  of  the  intact  material  strength 
associated  with  each  mode  of  failure  as:  Initial  8-17$?;  Secondary 
28-'(l%;  Tertiary  28—^1% ^  Ultimate  '♦5-57 %•  He  obtained  the  important 
result  that  slip  along  joints  in  one  direction  causes  an  increase  in 
the  apparent  angle  of  friction  of  the  joints  In  the  perpendicular 
direction  due  to  block  Interaction,  a  result  which  was  predicted  by 
Bray  (12,  13). 

Rosenblad  also  measured  relative  and  absolute  deformation  of 
blocks.  He  found  that  gradients  of  principal  strain  magnitude  and 
direction  in  a  jointed  rock  mass  are  much  larger  and  iirpredictable  than 
those  in  an  intact  block  of  the  same  material  under  identical  loading 
conditions . 

Ergun  (17)  was  primarily  Interested  In  stress  distributions  in 
jointed  media  which  he  studied  using  the  photo-elastic  method.  However, 
as  an  adjunct  to  this  work  he  carried  out  a  series  of  uniaxial  and  biaxial 
compression  tests  on  plaster  models  in  which  the  joint  planes  were  in 
the  principal  stress  directions .  He  concluded  that  in  this  case  the 
strength  of  the  mass  is  not  affected  by  the  presence  of  the  joints,  provided 
the  blocks  are  flat  and  square  with  surfaces  parallel  to  within  +  250  microns. 
A  similar  result  was  obtained  by  Brown  (47,  48)  for  uniaxial  and  triaxial 
compression.  The  goodness  of  fit  of  blocks  is  seen  to  have  a  major 
influence  on  the  behaviour  of  such  block-jointed  models. 
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Trlaxial  Compression 


„  .  1Trlaj^1  compression  tests  on  block-jointed  media  have  been  carried 
out  less  frequently  than  have  uniaxial,  biaxial  or  direct  shear  tests 

SnsStTefS^qf^o1?3  h^6  bef  h?036  due  t0  Bro’'vn  (28>  *7-49)  and' 
ninstein  et  al  (32,  50).  These  two  investigations  have  much  in  cannon 

using  similar  model  materials  and  some  of  the  same  test  configurations5 

producing  similar  results.  However,  because  the  former  investigation 

detail^  ^  extensive  of  the  two  it  alone  will  be  reported  in^ 

Brown  carried  out  an  extensive  series  of  triaxial  compression  tests 
t2  +.  J3]  °n  t lock- jointed  models  made  from  a  high-strength  gypsum 

plaster.  All  samples  were  6"  high  with  a  4"  squarf  cre^-SctS  ^d 
were  prepared  by  assembling  pre-cast  blocks  with)  one  square-inch  cross- 

Ses  cu?lcaB  p^alleleplpedal  and  hexagpnal  blocks, 

samples  with  a  two-dimensional  extent  of  jointing  of  1,  1/2  or  1/3 

we^e  produced.  Examples  of  each  of  these  three  groups  of  sample  types 
are  illustrated  in  Pig.  16.  In  all,  four  sample  types  were  produced 
using  cubic  blocks,  two  using  parallelepipedal  blocks,  and  three  using 

whengm?ointedkS  T that  *  Tal  °f  10  sainple  configurations  were  tested 
when  unjointed  samples  are  included.  The  various  block-j ointed  sample 

types  tested  may  be  described  in  the  following  way:  ^ 

A.  Cubic  blocks  (x  =  1).  The  angles  i  and  g  shown  in  Pig.  -ifw, 

bad  1ST  °  md  90  ’  15°  811(3  75  ,  30°  and  608,  aM  4^ 
and  45  in  the  four  sample  types  used. 


B.  Para lie leplde 
TFo  -  the  x  = 

T45  -  the  x  = 


lal  blocks  (x  =  h) 

h  planes  were  inclined  at  60°  to  the 
base  of  the  sample  (Pig.  ifih) 

%  Planes  were  inclined  at  45^  to  the 
base  of  the  sample. 


Hexagonal  block|  (x  =  h 

H60  -  the  x  =  3  planes  hyere  inclined  at  angles  of  60° 

H45  -  the  x  =  1  Td„?°„Tthe  base.of.!;he  .sa^le  16  c) 


H30  -  the  x  = 


l  Jo^nt  planes  were  inclined  at  angles  of 
3  45  ,  15  and  75  to  the  base  of  the 
sample. 

1.  Jo^nt  plangs  were  inclined  at  angles  of 
3  30  and  90  to  the  base  of  the  sample. 


500  tyPTT  bested  at  confining  pressures  of  0,  200, 

500,  1,000  and  2,000  p.s.i.  giving  a  total  of  50  tests,  many  of  which 

were  duplicated.  Although  these  pressures  may  seem  low  by  rock  mechanics 
standards,  they  were  sufficient  to  enable  a  wide  range  of  behaviour  to 
be  studied  since  the  highest  confining  pressure  used  (2000  p.s.i.)  is 
approximately  the  brittle-ductile  transition  pressure  for  the  plaster 


V7Z 


( 


175 


tests&'  that6 the  1ST  °bser'ed  ln  these 

listed  below  were  observed  on  namin’  thfj  the  failure  characteristics 
cell,  often  foSLing ““  l^3  ^  the 
since  the  tests  at  the  lower  c^Xf™,^10™tl0n-  Purthe™^. 
a  conventional  "soft"  te^t-ino-  manv  •  ng  pressures  were  carried  out  in 
characteristics  observed  SOTe  °f  the  macrofracture 

machine  stiffness  characteristics^  Fo^t^fp^^  by  th®  testlng 
listed  can  only  be  considered  as  ultw? ^f^0nSj  the  features 
be  accurate  representations  of^h^state 2  “^tions  2nd  ^  not  always 
principal  stress  difference  (takpn  ll  t  JZ  the  samples  at  peak 
eight  failure  modes Sed wS?  Corresp^  "failure"),  ihe 

A.  Axial  clevage  at  low  confining  pressures. 

axTs?663^^0^  ^approxlmate^l^o^to^the^s^^e 

c-  ^ X^^r^TiaStS 

D.  Slip  on  continuous  pre-formed  joint  planes. 

E’  Planf  ?11rrace  partly  along  a  pre-formed 

j  nt  plane  and  partly  through  intact  plaster. 

F.  Local  axial  cleavage  fractures  in  the  ^5°/4g° 

due  to  wedging  action.  5  /  ^  Case 

G*  Gorrplex  non-planar  shear  surfaces 

partly  through  plaster  and  partly  along  joints 

H'  3hear  Wanes  through 

beSSou?) .  ^  confining  pressure  (viz.  ductile 

X‘  ^,f™tlon  of  multiple  conjugate  shear  planes 
partly  throu^r  plaster  and  partly  along  joints. 

curvefLrco^be^S^befby  the°equauS  °f  ****  Stresses  were 


T  = 


T  + 
O 


Zc 


n 


..  .(20) 


The  parameter  Z  has 
of  the  index  c,  and  so  it 
in  the  form 


variable  dimensions  depending  on 
may  be  preferable  to  re-express 


the  value 
Eqn.  20 
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where  oq  Is  a  material  property  taken  as  the  unconfined  compressive 
strength  of  the  unjointed  material  (3000  p.s.i.). 

The  envelopes  passed  through  the  origin  of  the  T  -  a  axes  for 
3l-l  jointed  samples  so  that  x  =  0.  For  the  unjointed  n 
material,  x  =  450  p.s.i.  0 

.  following  conclusions  regarding  rack  mass  behaviour  and  the 
applicability  of  the  method  of  analysis  outlined  above  may  be  drawn 
from  the  test  results: 


1.  The  strengths  of  jointed  samples  lie  between  upper  and 
lower  limits  set  by  the  strengths  of  the  rock  material 
and  smooth  joints  respectively. 

2.  Modes  of  failure  other  than  those  commonly  recognized 
in  the  literature  are  likely  to  occur  in  block-jointed 
rock  masses.  Of  particular  significance  in  this  regard 
are  axial  cleavage  and  block  separation  modes  observed 
at  low  confining  pressures . 

3*  For  those  cases  in  which  planar  shear  surfaces  were 
formed  partly  through  the  plaster  and  partly  through 
joints,  the  approach  to  the  calculation  of  shear 
s  -rength  outlined  in  Sections  1  and  2.2  was  found  to  * 
be  valid.  Such  failures  did  not  occur  at  the  lower 
confining  pressures . 

4.  Where  shear  failure  took  place  througn  the  plaster  and 
not  along  joints,  the  strengths  of  the  jointed  modelr 
were  lower  than  those  of  the  corr-t  ponding  unjointed 
samples  except  at  the  higrest  confining  pressures. 

Some  of  these  conclusions  are  illustrated  by  Fig.  17  which  shows 
Mohr  envelopes  for  the  unjointed  plaster,  the  strongest  (H30)  and 
weakest  (T60)  of  the  models  with  intermittent  jointing,  and  a  single 
joint.  In  zcne  1  the  models  have  lower  strengths  than  those  predicted 
by  simple  theory  which  is  applicable  in  zone  2.  In  zone  3  the  material 
is  ductile  and  the  influence  of  joint  patterns  on  strength  is  negligible. 

J11  311  associated  investigation  Stanley  (51)  investigated  the 
ehaviour  of  unjointed  samples  and  the  simple  0/90  case  under  polyaxial 
stress  ( 01  t  a2  ¥■  o3).  He  obtained  modes  of  failure  A  and  B  described 

found  that  in  the  general  case,  the  peak  stresses  could  be 
related  by  the  equation 

-i(oi  -  03)^,  =  f  (^>(0 1  +  a3  +  a. 02)) 


177 


where  the  function  Itself  and  the  value  of  a  are  characteristic  of  both 
the  material  of  which  the  mass  is  composed  and  the  nature  of  the  joint 
pattern.  For  the  0b/90°  model,  a  equalled  zero  i.e.  tine  intermediate 
principal  stress  had  no  effect  on  the  strength  of  this  particular  model. 

3.5  Direct  Shear  Tests 

Hayashi  and  Fujiwara  (52,  53)  and  Hayashi  (36)  have  reported  on 
the  results  of  direct  shear  tests  on  plaster  samples  containing  a 
number  of  parallel  planar  discontinuities  as  shown  in  Fig.  l°*  in e 

loint  planes  were  said  to  be  cohesionless  and  to  have  a  co-effic  en 
of  friction  of  approximately  1.0.  The  most  significant  of  the  many 
conclusions  to  be  drawn  from  this  work  is  that  although  the  simple 
theory  would  suggest  that  failure  should  have  been  through  ^he  plaster 
in  all  cases  except  0  =  0°,  the  shear  strength  varied  with  0,  the 
angle  of  inclination  of  the  joints  to  the  shearing  direction.  The 
mode  of  failure  was  not  well  defined,  appearing  to  be  partly  due  to 
tensile  failures  in  bending  and  partly  to  shear  failure  of  the  plaster. 

In  some  instances  sliding  on  or  opening  of  the  joint  planes  was  noted. 

Both  the  mode  and  direction  of  failure  varied  with  the  angle  e,  an 
is  quite  apparent  that  the  linear  shear  strength  theory  does  not  apply. 

It  was  also  found  that  the  dilatancy  of  these  specimens  was  highly 
anisotropic  and  dependent  on  the  angle  6.  More  detailed  conclusions 
regarding  dilatation  in  direct  shear  are  difficult  to  draw  from  the 

results  presented.  ,  ^  _ 

Kawamoto  (54)  carried  out  similar  direct  shear  tests  on  layered 
(  .  -  1)  and  "jointed  (x  =  h)  plaster-sand  models,  the  discontinuous 

joints  in  the  latter  case  having  been  prepared  by  inserting  0.1  nm 
steel  shims.  Only  when  the  joint  planes  were  oriented  in  the  direction 
of  the  applied  shear  force  did  simple  shear  failures  along  the  discon¬ 
tinuous  joint  planes  occur.  In  all  other  cases,  failure  of  the  specimen 
was  progressive  with  corrtoined  tensile,  shear  and  slip  mechanisms  developing. 
Ihe  y,  =  jg  specimens  were  found  to  be  less  anisotropic  with  respec  o 
both  strength  and  deformation  than  the  layered  or  x  =  i  specimens. 

Hayashi  (35,  36)  extended  the  scope  of  his  direct  shear  tests  to 
include  samples  containing  cross-joints  within  the  plaster  layer^-  He 
concluded  that  the  shear  strength  is  almost  independent  of  the  pitch 
these  cress-joints  despite  the  fact  that  his  results  suggest  that  the 
strength  decreases  as  the  pitch  decreases,  the  effect  varying  with  the 
orientation  of  the  cress-joints  and  bedding  planes.  .  t 

Laitai  (15,  55)  carried  out  direct  shear  tests  on  plaster  and  plaste 
and  kavlin  blocks  containing  a  single  joint,  no  joints,  and  intermittent 
joint  with  x  =  h  cast  into  the  specimen,  and  an  intermittent  joint  with 
y  =  h  formed  by  the  interlocking  of  two  sections  cast  with  teeth.  He 
found  that  by  the  tensile  and  shear  fractures  developed.  _  For  the  two 
X  =  h  cases  none  of  the  primary  fracture  directions  co-incided  with  the 

enforced  shear  direction. 
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The  results  of  these  direct  shear  tests  shew  little  more  than 
that  quite  complex  failure  mechanisms  occur.  No  doubt  many  of  fracture 
phenomena  observed  result  from  the  severe  constraints  and  complex 
stress  patterns  imposed  by  the  direct  shear  test.  This  sever ly 
limits  the  usefulness  of  the  direct  shear  test  in  fundamental  studies 
of  the  rrechanics  of  jointed  media. 

3.6  Special  Studies 

Many  model  studies  have  been  carried  out  to  investigate  the 
behaviour  of  jointed  rocks  as  structural  foundations  (56-60)  or  the 
stability  of  rock  slopes  (26,  29,  53,  61-64).  Although  such  studies 
were  aimed  at  solving  specific  problems  and  do  not  attempt  to  study 
the  overall  problem  at  a  fundamental  level,  they  do  provide  some 
usefhl  general  concepts.  As  an  example,  consider  the  two  dimensional 
iTodel  of  an  arch  dam  abutment  made  up  of  an  assembly  of  square  blocks 
tested  by  Krsmanovic  et  al  (58,  59)-  They  identified  four  modes  of 
failure:  (1)  sliding  on  joint  planes;  (2)  planes  sliding,  partly  on 
jointed  planes  and  partly  through  the  blocks;  (3)  compression  failure 
of  the  blocks;  and  (4)  composite  failures. 

The  tests  on  model  slopes  have  been  particularly  significant 
in  that  they  have  pointed  to  the  importance  of  block  rotation  as  a 
significant  mode  of  collapse  near  the  boundaries  of  jointed  rock 
masses.  Such  mechanisms,  which  have  also  been  observed  in  triaxial 
compression  tests  (28,  49),  should  be  given  special  attention  in 
future  investigations. 

3.7  Tests  on  Real  Rock  Masses 

Although  the  model  tests  outlined  above  have  contributed  to  our 
understanding  of  the  strength  of  rock  masses  it  is  obviously  preferable 
to  experiment  with  real  rocks  containing  natural  joint  patterns.  Because 
of  the  enormous  difficulties  encountered  in  sampling  such  materials  and 
in  preparing  them  for  testing,  very  few  studies  of  this  type  have  been 

carried  out.  .  _  , 

Rosengren  and  Jaeger  (65)  developed  an  ingenious  method  of  preparing 
laboratory  samples  of  a  randomly  jointed  rock  which  enabled  them  to 
carry  out  one  of  the  most  significant  studies  of  the  problem  publishgd 
to  date.  They  found  that  if  Worribeyan  marble  is  heated  to  around  500  G 
the  anisotropy  of  thermal  expansion  of  calcite  causes  complete  grain 
boundary  separation.  The  resulting  material  retains  its  shape  and 
consists  of  a  mass  of  crystals  in  contact  with  a  porosity  of  about  4%. 

The  results  of  their  triaxial  compression  tests  on  2"  dia.  x  5  long 
samples  show  that,  as  with  the  model  tests  described  above,  the  jointed 
material  had  low  strengths  at  low  confining  pressures  and  strengths 
approaching  those  of  the  un jointed  material  at  higher  confining  pressures. 
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Jaeger  (66)  was  able  to  prepare  6"  dia.  by  12"  long  cores  of 
andesite  containing  "a  network  of  open  joints  and  of  veins  with 
a  rather  weak  filling,  the  spacing  of  these  being  so  close  that  a 
cross-section  of  the  core  would  usually  contain  50  to  100  individual 
areas  separated  by  planes  of  weakness".  Triaxial  cororession  tests 
were  carried  out  at  confining  pressures  in  the  range  0  to  6000  p.s.i. 
Again  it  was  found  that  the  material  had  low  strength  at  low  confining 
pressures  and  that  the  curved  Mohr  circle  envelope  passed  close  to 
the  origin.  The  material  was  so  broken  up  by  joints  and  veins  that 
it  was  not  possible  to  produce  intact  cores  of  the  material  for 
purposes  of  making  strength  comparisons . 

Finally,  some  mention  should  be  made  of  in-situ  tests  on  rock 
masses.  Most  in-situ  strength  tests  are  direct  shear  tests  aimed  at 
determining  the  shear  strength  of  a  certain  joint  or  plane  of  weakness. 
Multi-axial  compression  tests  which  measure  strength  properties  of  a 
rock  mass  containing  a  large  number  of  joints  are  rarely  carried  out 
because  of  their  great  expense.  In  one  of  the  few  published  reports 
of  such  tests,  John  (10,  67)  describes  three  multiaxLal  compression 
tests  carried  out  on  9*3  ft.  square  by  *1.7  ft.  wide  prismatic  samples 
of  jointed  and  somewhat  decomposed  granite  in  the  abutments  of  the 
Kurobe  IV  arch  dam.  He  found  that  the  bulk  strength  of  these  large 
samples  was  about  35%  of  the  core  strength,  but  greater  than  that  of 
a  single  joint.  Although  the  available  data  is  extremely  limited, 
the  curves  published  (67)  suggest  a  similar  pattern  of  behaviour  to 
that  shewn  in  Fig.  17. 

*1  COMMENTS  AND  CONCLUSIONS 

Tills  brief  review  shows  that  there  exists  a  single  analytical 
methoa  for  predicting  the  strength  of  jointed  media  which  can  provide 
satisfactory  solutions  under  certain  circumstances.  However,  it  is 
far  from  being  entirely  satisfactory  because  it  over-simplifies  the 
calculation  of  stress  distributions  within  jointed  media,  does  not 
take  account  of  the  full  range  of  collapse  mechanisms  known  to  be 
possible,  does  not  allow  for  the  inter-action  of  joints,  and  uses 
over-simplified  concepts  of  rock  material  and  rock  joint  behaviour. 

Obviously,  a  great  amount  of  detailed  research  must  be  carried 
out  before  a  satisfactory  solution  to  the  difficult  problem  of 
determining  the  load-deformation  behaviour  and  strength  of  jointed 
rock  masses  can  be  obtained.  The  primary  approach  must  be  an 
experimental  one.  This  will  lead  to  an  understanding  of  the  mechanics 
of  the  situation  which  must  then  be  modeled  mathematically  in  order 
that  useful  methods  of  analysis  can  be  produced. 
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Previous  experiments  have  been  limited  In  their  usefulness  as 
fundamental  studies  because 

(a)  with  few  exceptions  little  attention  has  been  given  to 
the  problem  of  ensuring  that  applied  stresses  are 
uniform  and  remain  so  after  deformation. 

(b)  without  exception  model  tests  have  been  carried  out 

In  conventional  or  "soft"  testing  machines  which  proves 
an  impediment  to  the  detailed  study  of  progressive 
failure  mechanisms,  and 

(c)  little  attention  has  been  given  to  the  measurement  of 
deformations  in  general,  and  volu.re  changes,  in 
particular.  The  limited  evidence  available  suggests 
that  deformation  in  jointed  media  are  likely  to  be 
quite  different  frcm  those  occurring  in  the  un jointed 
material.  In  any  event,  a  knowledge  of  deformations  and 
volume  changes  is  essential  to  the  complete  understanding 
of  the  response  of  any  material  to  load. 

The  experimental  work  described  in  Chapters  3  and  H  were  aimed  at 
overcoming  some  of  these  deficiencies . 
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Figure  4:  (a)  Element  of  Rock  Showing  Staggered  Vertical  Joints  Resulting 

from  Slip  of  Horizontal  Joints,  (b)  Additional  Staggering  of 
Horizontal  Joints  Resulting  from  a  Subsequent  Slip  on  Vertical 
Joints,  (c)  Failure  Characteristics  Corresponding  to  the  Joint 
Systems  Shown  in  (a)  and  (b) . (After  Bray  13) 
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Figure  9:  Examples  of  Hayashl's  Uniaxial  Compression  Test  Samples. 
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Figure  10: 


Comparison  of  Simple  Theory  with  Hayashl's  Uniaxial 
Compression  Test  Results.  (After  Havashi,  1965). 
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Figure  11:  Possible  Tensile  Modes  of  Failure  in  Hayashi's  Uniaxial 
Compression  Tests. 


Figure  12:  Decrease  in  Compressive  Strength  P  with  Number  of  Parallel 
Rows  of  Joints,  r.  (After  Hayashi,  1966a). 


Figure  13:  Sirieyjs  "brick  wall"  System. 
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Figure  1*1:  Results  of  MUller  and  Pacher's  Biaxial  Compression  Tests. 
(After  MUller  and  Pacher,  1965). 
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The  mechanical  failure  of  block  jointed  model  were  studied  using 
a  servo- cont relied  loading  system  such  that  the  progressive  col¬ 
lapse  of  these  models  under  uniaxial  compressive  loading  could 
be  studied  in  detail.  The  mechanism  of  collapse  at  these  block 
jointed  models  were  recorded  photographically  and  indicate  that 
several  mechanisms  are  operative  in  this  process.  These  include; 
fracture  of  individual  blocks,  rotation  of  individual  blocks, 
collapse  of  columns  of  blocks  by  rotation  or  buckling,  slip  along 
joint  planes  and  by  shear  deformation  of  individual  blocks.  No 
single  simple  theory  of  failure  appears  capable  at  this  time  of  pre¬ 
dicting  the  collapse  loads  of  such  systems. 

The  dilatant  nature  of  the  collapse  of  these  block  jointed  models 
was  studied  under  two  different  confinement  pressures.  Failure  of 
the  specimens  was  again  controlled  using  a  servo-controlled  testing 
machine.  These  tests  illustrate  that  the  volumetric  strain  behavior 
of  jointed  specimens  can  be  vastly  different  from  that  of  comparable 
unjointed  specimens. 

The  continuum  characterization  of  a  jointed  rock  mass  is  briefly 
reported  in  this  report.  The  research  results  of  this  work  have 
been  reported  in  readily  available  journals  so  is  only  briefly  re¬ 
viewed  here.  The  low  shear  stiffness  of  joints  in  general  results 
in  an  anisotropic  continuum  characterization  of  the  rock  mass  with 
a  low  shear  stiffhess.  The  practical  significance  of  the  anisotropic 
characterization ,  in  that  the  pressure  ’bulb’  from  any  applied  load 
on  a  boundary  is  distorted  from  that  of  the  isotropic  case,  is  dis¬ 
cussed.  The  effect  of  joint  spacing  and  thickness  upon  the  reliability 
as  a  function  of  the  number  of  dilatometer  tests  in  a  jointed  rock  mass 
is  also  discussed  and  presented  in  detail  in  one  of  the  published 
papers. 
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Figure  15:  Polar  Diagram  of  Strength  Against  Joint  Orientation 
Illustrating  Transition  Zone.  (After  John  [44]). 


Figure  16:  Illustration  of  Block  Jointed  Models  Tested  by  Brown  (28). 
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Figure  17:  Suirmary  of  Results  of  Jointed  Materials.  (After  Brown 
[28]). 


Figure  18:  Direct  Shear  Experiments  of  Jointed  Plaster.  (After 
Hayashi  [36]). 
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APPENDIX  in 


FATIGUE  OF  BLOCK  JOINTED  MODELS 


SUMMARY 


^  Present  knowledge  of  the  behaviour  of  rock  masses  under  earthquake-indiced 

6Hf0r/^glnf purposes‘  111  a  Preliminary  experimental 
study,  highly  Idealised  models  of  jointed  rock  were  subjected  to  a  series  of 

uniaxial  compression  tests  in  which  the  applied  loads  were  cycled  between  uoner 
and  lover  limits  at  rates  of  0.5,  1,  or  2  cycles  per  second.  Hie  rSISte 
tained  would  indicate  that  discontinua  such  as  jointed  rock  are  susceptible  to 
cyclic  fatigue  failure  in  both  the  pre  -peak  and  post-peak  regions .  The  tirre- 
dependent  behaviour  of  rock  associated  with  either  quasi-static  or  cyclic 

loading  can  be  explained  in  terms  of  the  residual  strength  locus.  Cata¬ 
strophic  failure  will  occur  when  the  accumulation  of  deformation  is  such  that 
the  post-peak  section  of  this  locus  is  intersected  by  the  loading  path.  Failed 
rock  supporting  loads  as  in  the  walls  of  underground  excavations  is  particularly 
susceptible  to  failure  under  cyclic  fatigue.  P  ^ 


INTHDDUCTION 


During  earthquakes  materials  in  the  earth's  crust  are  subjected  to  limited 
nurbers  of  cycles  of  pulsating  ccmpressive  stress.  Analyses  of  the  behaviour 

structures  under  earthquake-induced  loadings  require  a  knowledge  of  both 
lie  of  the  disturbance  and  to  response  of  rock  to  cyclic  loading.  Al- 

t.iou0i  the  response  of  engineering  materials  such  as  metals,  concrete  and  soils 
to  cyclic  loading  has  been  well  Investigated  in  recent  years,  the  corresponding 
properties  of  rock  have  received  little  attention.  With  the  increasing  use  of 
underground  construction  in  rock  for  military  installations,  urban  transportation 
systems,  liquid  storage  reservoirs,  power  plants,  etc.,  it  is  essential  that  the 
uehaviour  of  rock  under  earthquake  induced  disturbances  be  investigated. 


Hainton  and  Kim  have  recently  studLed  the  mechanical  behaviour  of  intact 
rock  under  cyclic  fatigue .  Their  approach  involved  consideration  of  the  role 
of  the  residual  strength  locus  in  determining  limits  for  fatigue  strain.  This 
is  considered  to  be  an  extremely  useful  approach  and  one  that  should  be  applied 
'  j  th*3  important  practical  case  of  jointed  rock.  It  would  appear  reasonable  to 
expect  that  because  of  the  presence  of  discontinuities  and  the  associated  mobil- 
:!?-,0f*.indiVldual  blockS}  ^scontinua  such  as  jointed  reck  ndgit  be  more  suscep¬ 
tible  to  repeated  loading  than  the  corresponding  intact  materials . 


In  this  paper,  the  residual  strength  locus  interpretation  of  time-dependent 
failure  of  reck  is  explained,  seme  preliminary  experimental  results  concerning 
the  fatigue  of  idealised  block-jointed  systems  are  presented,  and  the  practical 
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inplicatlons  of  these  results  discussed.  It  should  be  emphasised,  however,  that 
this  paper  Is  concerned  with  but  one  aspect  of  the  total  engineering  problem  of 
the  seismic  response  of  rock  masses. 


RESIDUAL  STRENGTH  LOCUS  INTERPRETATION  OF  TIME-EEPENDENT  FAILURE 

Recent  research  into  the  mechanical  behaviour  of  rock  has  involved  the  con¬ 
cept  of  the  complete  force-displacement  curve.  Using  stiff  or  servo-controlled 
testing  machines  it  is  new  possible  to  control  rock? failure  and  so  obtain  com¬ 
plete  curves  in  a  variety  of  experimental  situations^*  .  In  considering  the 
behaviour  of  failed  material  in  the  post-peak  region,  it  is  necessary  to  think 
in  terms  of  the  fundamental  quantities  force  and  displacement  rather  than  in 
terms  of  the  derived  quantities  stress  and  strain.  In  the  uniaxial  compression 
test,  for  example,  it  is  a  simple  matter  to  measure  the  total  force  applied  to 
the  specimen  and  the  associated  axial  contraction.  The  relationship  between 
these  two  quantities  is  a  property  of  a  certain  volume  of  rock  under  the  condi¬ 
tions  of  the  test.  It  is  difficult  to  scale  these  values  to  provide  an  estimate 
of  stress  and  strain  at  any  point  within  the  volume  of  rock  concerned  because 
the  distribution  of  stress  and  strain  within  the  specimen  is  far  from  uniform. 

In  the  post-peak  region  in  particular,  failure  does  not  occur  uniformly  and  the 
structure  of  the  specimen  continually  changes .  Thus  it  is  impractical,  if  not 
impossible,  to  scale  the  restats  to  true  stress  and  true  strain.  It  is  inter¬ 
esting  to  note  that  recent  attempts  to  apply  numerical  methods  to  the  solution 
of  problems  of  the  mechanics  of  discontinue  have  also  encountered  some  difficulty 
in  presenting  results  in  terms  of  stress  and  strain  at  a  point. 

Displacement  must  be  regarded  as  the  independent  variable  in  experimental 
studies  of  rock  failure  in  the  post-peak  region.  An  attenpt  to  maintain  a  con¬ 
stant  loading  rate  results  in  violent  failure  at  the  peak  of  the  complete  force- 
displacement  curve. .  A  constantly  increasing  load  is  inconpatible  with  the  de¬ 
crease  in  load-bearing  capability  of  the  specimen  that  occurs  after  the  peak 
load  has  been  reached.  Mien  a  constant  displacement  rate  is  applied  to  the  speci¬ 
men,  the  dependent  variable,  force,  rises  to  a  maximum  and  then  progressively 
decreases  in  the  failure  region.  Rock  failure  can  be  controlled  in  almost  any 
type  of  laboratory  test  using  a  closed-loop  programmable  testing  system  to  con¬ 
trol  displacement  . 

The  shape  of  the  complete  force -displacement  curve  obtained  from  any  test 
on  a  given  rock  depends  very  much  on  test  conditions.  In  this  sense,  the  curve 
is  not  unique.  Under  quasi-static  uniaxial  compression,  the  shape  of  the  curve 
vanes  with  axial  strain  rate  .  The  shape  of  the  post-peak  curve  can  also  vary 
with  testing  machine  characteristics.  With  a  closed-loop  servo-controlled  system 
such  as  that  used  by  the  authors ,  the  curve  obtained  is  a  locus  of  points  at 
which  the  energy  available  to  the  specimen  is  just  sufficient  to  sustain  the 
fracture  mechanism.  In  other  machines,  the  energy  available  to  drive  the  propa¬ 
gating  crack  may  be  in  excess  of  this  equilibrium  value  in  which  case  different 
curves  may  result. 
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Testing  technique 

Quasi-static  and  cyclic  loading  uniaxial  compression  tests  were  carried 
out  in  a  closed-loop  servo-hydraulic  testing  system  with  a  capacity  of  4.45 
A  block  diagram  of  the  closed-loop  principle  is  shown  lu  Figure  4.  Details  oi 
the  philosophy  and  techniques  of  use  of  servo-control^ed^testing  systems  in 
experimental  rock  mechanics  have  been  given  elsewhere  5  and  will  not  be  re¬ 
peated  here. 

Quasi-static  force-axial  displacement  curves  were  obtained  using  axial  dis¬ 
placement  as  the  independent  variable  or  feedback  signal.  Cyclic  loading  tests 
were  carried  out  under  load  control  with  the  compressive  load  being  programmed 
to  vary  between  two  limits  as  a  triangular  function  of  time  at  rates  of  between 
0  5  and  2  cycles  per  second  Seed  and  Chare  have  shown  that  such  loading  is  a 
reasonable  first  approximation  to  that  resulting  from  earthquakes.  Higier  fre¬ 
quencies  were  not  used  because  of  limitations  in  the  response  time  of  the  recor¬ 
ders  used  to  monitor  results.  The  use  of  a  random  function  generator  rather 
than  a  ramp  generator  could  produce  a  more  exact  simulation  of  earthquake  load¬ 
ing.  If  the  practical  situation  were  to  be  properly  simulated,  the  specimen 
would  have  to  be  subjected  to  a  triaxLal  state  of  stress  with  all  components  of 
applied  load  being  cycled.  Ground-water  conditions  would  also  have  to  be  con¬ 
sidered. 

Boundary  conditions  are  an  important  consideration  in  laboratory  tests  on 
brittle  materials.  It  is  common  practice  to  apply  compressive  loads  to  speci¬ 
mens  through  comparatively  rigid  platens.  This  produces  uniform  displacement  of 
the  specimen  ends  but  a  non-uniform  distribution  of  stress  with  the  specimen  . 

In  the  present  uniaxial  compression  tests  on  block-jointed  models,  an  attempt 
was  made  to  apply  the  axial  force  uniformly  over  the  specimen  ends,  taads  were 
transmitted  From  the  machine  platens  through  two  0.12  cm  thick  sheets  of  copper 
to  a  number  of  ground  steel  cubes  with  1.27  cm  sides  in  contact  with  the  spec 
men.  The  copper  was  sufficiently  soft  to  accommodate  any  initial  non-uniformity 
in  the  height  of  the  specimen  and  subsequent  small  differential  axial  movements 
associated  with  failure.  Calibration  tests  showed  that  this  loading  system  did 
not  undergo  any  detectable  fatigue  deformation  under  the  force  levels  and  numbers 
of  cycles  used  in  the  tests. 


Results 

Mean  peak  loads  obtained  in  quasi-static  uniaxial  compression  tests  carried 
out  on  the  three  specimen  types  at  axial  strain  rates  of  approximately  10  sec 
~*are  given  in  Table  1. 


Specimen 

1ype 

Number  of 
Tests 

Mean  Peak 
Load,  Fm(kN) 

Corresponding  Average 
Axial  Stress  (MNm  ) 

SOLID 

4 

3^2 

33-1 

ST 

4 

184 

17-8 

160 

4 

114 

11.0 

TABLE  1.  Peak  Load-Bearing  Capability  in  Quasi-Static  Tests 
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With  these  qualifications  regarding  uniqueness,  it  is  possible  for  given 
test  conditions  to  define  a  residual  strength  locus  that  represents  the  equi¬ 
librium  relationship  between  force  and  displacement  in  the  post-peak  region. 
Stable  force -displacement  states  of  the  rock  exist  at  any  point  on  or  within 
this  locus. 

The  time-dependent  behaviour  of  the  rock  can  be  interpreted  by  considering 
the  possible  paths  that  specimens  starting  at  various  force-displacement  states 
on  or  within  the  locus  may  follow.  In  Figure  1,  the  horizontal  lines  drawn 
from  the  points  A,  D,  and  K  in  the  pre-peak,  post-peak  and  unloaded  regions  re¬ 
spectively,  represent  the  application  of  constant  force,  i.e.  creep.  The  ver¬ 
tical  lines  represent  a  constant  displacement  constraint,  i.e.  relaxation.  From 
A,  time-dependent  displacement  can  take  place  along  AB  until  tertiary  creep 
occurs  and  the  residual  strength  locus  is  intersected.  At  D,  however,  an  attempt 
to  hold  the  axial  force  constant  will  lead  to  immediate  failure.  From  H  within 
the  locus,  time-dependent  displacement  can  occur  along  HK,  again  until  the  locus 
is  reached.  Under  a  constant  displacement  constraint,  there  will  be  a  time- 
dependent  fall  off  in  force  in  each  case,  but  loci  having  the  genera-1  shape  of 
that  shown  in  Figure  1  will  not  be  intersected. 

Arguments  similar  to  these  c  jn  be  used  to  explain  behaviour  under  cyclic 
fatigue.  Figure  2  shows  a  situation  In  which  displacement  progressively  accu¬ 
mulates  when  the  applied  force  is  cycled  between  the  limits  F-,  and  F^.  The 
cycle  moves  frem  an  initial  position  AB  to  a  final  position  CD  where  the  residual 
strength  locus  is  intersected.  Haims  on  and  Kim  have  shown  this  interpretation 
of  fatigue  failure  to  be  valid  for  intact  rock.  The  authors  have  attempted  to 
extend  this  approach  as  part  gf  a  broader  experimental  study  of  the  collapse  of 
block-jointed  rock  systems'’  . 


FATIGUE  OF  BLOCK-JOINTED  SYSTEMS 


Specimen  Preparation 

Idealised  models  of  block-jointed  rock  masses  were  prepared  from  a  gypsum 
plaster.  The  three  specimen  types  used  were: 

(a)  S0I1D  -  rectangular  prisms  of  plaster  used  to  simulate  unjointed  brittle 

rock  (figure  3a); 

(b)  ST  -  prepared  from  2.5  cm  x  2.5  cm  x  10.2  cm  blocks  of  plaster  to 

simulate  a  rock  mass  with  continuous  horizontal  and  discontin¬ 
uous  vertical  jointing  (figure  3b); 

(c)  H60  -  prepared  from  10.2pcm  long  hexagonal  blocks  with  a  cross-section¬ 

al  area  of  6.^5  cm  to  simulate  a  rock  mass  with  discontinuous 
inclined  jointing  (figure  3c). 


elsewhere 


Details  oof  the  techniques  used  in  preparing  such  specimens  have  been  given 
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Representative  results  of  the  cyclic  loading  tests  ore  shown  in  Figures  5-8. 
Specimen  SOLTD/8  (Figure  5)  was  first  loaded  to  270  kN  (i.e.  to  y 9 %  of  F  ,  the 
mean  peak  load  sustained  by  specimens  of  its’  type)  and  unloaded.  The  l<5aJ  was 
then  cycled  between  270  kN  (0.79  F  )  and  9  kN  (0.03  F  )  at  a  rate  of  1  cycle  per 
second.  After  625  cycles  catastrophic  failure  occurred.  The  residual  failure 
locus  obtained  in  a  controlled  test  on  another  unjointed  specimen  is  superim¬ 
posed  on  the  curve  obtained  for  S0LID/8  in  Figure  5.  Although  it  can  hardly  be 
expected  that  the  residual  failure  loci  of  different  specimens  of  the  same  type 
will  be  coincident.  Figure  5  clearly  shows  haw  a  specimen  subjected  to  cyclic 
loading  from  a  point  in  the  pre-peak  region  (c/f  point  A  in  Figure  1)  will 
undergo  increased  displacement  until  failure  occurs  when  the  residual  strength 
locus  is  intersected.  Because  such  tests  must  necessarily  be  carried  out  under 
load  control,  the  eventual  failure  will  always  be  catastrophic  rather  than  con¬ 
trolled. 

Figure  6  shows  the  force-displacement  behaviour  cf  specimen  H60/7.  This 
specimen  was  loaded  to  96.5  kN  (O.85  F  )  under  displacement  control  and  then 
unloaded.  Considerable  cracking  took  place  during  this  initial  stage  of  loading. 
The  load  was  then  cycled  between  78  kN  (0.68  F  )  and  11  kN  (0.11  F  )  at  a  rate 
of  1  cycle  per  second.  Cyclic  loading  was  discontinued  after  100  cycles  and  the 
test  resumed  under  displacement  control.  Cracking  occurred  throughout  this  stage 
of  the  test  and  it.  is  apparent  that  the  residual  failure  locus  was  soon  reached. 
Ihe  irregular  nature  of  the  post-peak  portion  of  this  curve  is  typical  of  curves 
obtained  for  these  block-jointed  models.  Ihe  plaster  from  which  the  specimens 
were  prepared  is  extremely  brittle.  Consequently,  fractures  often  propagate 
throu^i  individual  blocks  in  an  uncontrolled  manner  producing  sharp  local  varia¬ 
tions  in  the  total  load  supported  by  the  specimen. 

At  50  kN  (0.43  F  ),  specimen  H60/7  was  unloaded  and  the  load  cycled  between 
21  kN  (0.18  F  )  and  9  kN  (0.07  F  ).  Instability  developed  after  1140  cycles 
when  the  specimen  was  unloaded  and  the  test  completed  under  displacement  control. 

Figure  7  shews  the  force-displacement  behaviour  of  specimen  ST/4 .  Ihe  pro¬ 
cedure  used  in  this  case  was  similar  to  that  used  for  H60/7,  the  major  difference 
being  that  the  first  sequence  of  cyclic  loading  was  continued  until  instability 
developed.  The  results  of  this  test  further  illustrate  how  the  residual  failure 
locus  may  be  reached  when  the  load  is  cycled  from  points  in  the  pre-peak  and  post¬ 
peak  ranges. 

A  more  detailed  set  of  results  is  presented  in  Figure  8  for  specimen  ST/5. 
This  specimen  was  loaded  to  a  point  near  the  peak  of  its*  force-displacement 
(F-ZO  curve,  subjected  to  a  few  low  speed  loading  cycles  (now  shown  on  the  F-A 
curve  in  the  interests  of  clarity)  and  unloaded  when  instability  developed.  At 
this  stage  the  specimen  was  at  point  A  on  the  F-A  curve  and  contained  a  consider¬ 
able  number  of  fractures.  Ihe  load  was  then  cycled  between  67  kN  and  8.5  kN  at 
a  rate  of  0.5  cycles  per  second.  Instability  developed  after  3150  cycles.  Ihe 
failure  locus  for  another  specimen  of  this  type,  ST/2,  is  shown  as  a  dashed  line 
on  che  F-A  plot.  It  is  interesting  to  note  that  specimen  ST/5  failed  when  this 
locus  was  intersected. 
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A  plot  of  axial  displacement  against  number  of  cycles  (or  time)  is  also 
shown  in  Figure  8.  The  axial  displacement  increased  noticeably  in  the  first 
1500  cycles  after  which  the  rate  of  increase  dropped  to  almost  zero.  From  about 
2500  cycles,  displacement  increased  at  an  accelerating  rate  until  uncontrolled 
failure  finally  occurred.  These  three  stages  of  displacement  development  are 
analogous  to  primary,  secondary  and  tertiary  stages  of  creep.  In  those  tests 
in  which  smaller  numbers  of  cycles  were  required  to  produce  failure  (e.g.  the 
first  cyclic  loading  sequence  for, ST/1*),  these  three  stages  were  even  more 
cleanly  defined.  Haimson  and  Kim1  observed  similar  behaviour  in  their  cyclic 
fatigue  tests  on  intact  rock. 

A  third  feature  illustrated  in  Figure  8  is  the  progressive  accumulation  of 
damage  to  the  specimen  occurring  during  cyclic  loading.  The  six  photographs 
presented  show  how  the  density  of  cracking  increased  and  existing  cracks  and 
joints  progressively  opened  up  as  cyclic  loading  proceeded.  The  damage.*  sustained 
during  the  primary  and  secondary  "creep"  stages  was  minimal,  the  major  struc¬ 
tural  break-down  occurring  during  the  short  tertiary  stage  of  cyclic  loading. 

A  number  of  other  tests  gave  similar  results  to  those  described  and  need 
not  be  presented.  It  is  important  to  note  however,  that  a  number  of  tests 
were  stopped  before  failure  under  cyclic  loading  in  the  pre-peak  range  had 
occurred.  In  such  cases  specimens  were  subsequently  loaded  to  failure  under 
displacement  control  in  order  that  individual  peak  loads,  Fc,  could  De  deter¬ 
mined.  Details  of  sane  of  these  cases  are  given  in  Table  2. 


Specimen 

number 

Maximum  force 
reached  in  cycle 

Number  of  cycles  at 
which  test  stopped 

SOLID/9 

0.^0  F 

l1*  ,000 

0.79  fJ; 

1,500 

ST/6 

0.60  Fc 

13,500 

H0O/6 

0.77  Fc 

7,500 

TABLE  2.  Cases  in  which  failure  did  not  occur 


DISCUSSION  AND  CONCLUSIONS 

It  is  apparent  that  the  models  of  jointed  rock  tested  are  susceptible  to 
failure  by  cyclic  fatigue,  and  that  the  conditions  under  which  such  failure  is 
likely  to  occur  can  be  described  in  terms  of  the  residual  strength  locus  inter¬ 
pretation  of  time-dependent  failure .  An  extension  of  this  concept  would  suggest 
that  brittle  rock  may  not  have  a  fatigue  limit  in  the  sense  that  this  term  is 
applied  to  more  ductile  engineering  materials.  It  can  be  argued  that  because 
the  post-peak  force-deflecticn  curve  for  most  rocks  can  be  followed  down  to 
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almost  zero  force,  it  should  be  possible  to  intersect  this  curve  and  cause 
failure  by  cycling  the  load  from  almost  any  level  (Figure  9).  With  more  ductile 
materials,  the  residual  strength  locus  would  not  be  approached  if  the  load  were 
eye  ed  to  the  levels  shov.n  in  Figure  9  •  In  these  cases  a  real  fatigue  limit 
must  exist.  Such  increased  ductility  can  result  when  brittle  rocks  are  subjected 
to  confining  pressure.  The  post-peak  curves  become  flatter,  and  fatigue  limits 
increase  correspondingly  .  In  the  in-situ  case,  of  course,  rock  masses  will 
generally  be  subjected  to  seme  confinement  and  this  may  help  decrease  suscepti¬ 
bility  to  cyclic  fatigue  failure. 

The  suggestion  that  rock  masses  may  be  susceptible  to  fatigue  failure  when 
loaded  at  quite  low  force  levels  is  of  academic  rather  than  practical  importance 
when  cyclic  loading  begins  in  the  pre-peak  range.  In  such  cases,  the  numbers  of 
cycles  required  to  produce  failure  would  be  far  in  excess  of  the  few  tens  or 
hundreds  of  cycles  resulting  from  earthquake  or  blast  disturbances.  However,  the 
situation  becomes  more  serious  in  the  post-peak  range.  It  is  well  established 
that  arouna  underground  excavations,  for  example,  rock  performing  a  structural 
or  load-bearing  function  may  well  be  fractured  and  be  in  equilibrium  with  its 
surroundings  at  seme  point  on  the  post-peak  portion  of  the  appropriate  force- 
displacement  curve.  If  rocK  in  such  a  situation  is  subjected  to  cyclic  loading  _ 
in  which  the  maximum  applied  force  is  equal  to  or  greater  than  the  equilibrium 
load,  catastrophic  failure  of  the  structure  will  inevitably  occur.  'Ibis  is  the 
cyclic  loading  equivalent  of  the  static  loading  condition  given  by  line  DE  in 
Figure  1. 

Although  the  experimental  results  available  are  too  few  to  permit  firm  con¬ 
clusions  to  be  drawn,  there  is  a  suggestion  that  the  Jointed  models  are  more 
susceptible  to  fatigue  damage  than  the  injointed  specimens.  This  would  appear 
to  be  a  reasonable  result  in  view  of  the  greater  number  of  degrees  of  freedom 
available  to  blocks  in  the  jointed  models.  Because  individual  blocks  may  be 
free  to  rotate  the  translate  often  irreversibly"’  ,  mechanisms  not  involved  in 
the  failure  of  the  unjoin ted  material  may  contribute  to  the  progressive  accunu- 
lation  of  deformation  and  collapse  of  jointed  media., .These  mechanisms  have  para¬ 
llels  in  other  discontinua.  Ri chart.  Hall  and  Woods  have  noted  that  in  3ands, 
for  exanple,  "the  cumulative  effects  of  minor  rearrangements  of  soil  particles 
or  slips  at  the  contact  points  are  indicated  by  gradual  increases  in  axial 
strain  as  the  number  of  cycles  increases". 

The  leading  case  considered  in  this  paper,  uniaxial  conpression,  is  the 
slnplest  one  possible  and  so  formed  a  useful  starting  point  for  a  new  area  of 
investigation.  More  advanced  studies  should  consider  the  Important  practical 
case  of  the  shear  behaviour  of  rock  masseo  under  cyclic  load.  Assuming  that  the 
phenomena  observed  for  miaxial  conpression  also  hold  for  shear,  it  is  apparent 
that  repeated  small  shocks  could  eventually  lead  to  a  major  slip  causing  collapse 
of  a  rock  structure  such  as  an  underground  excavation  or  open  pit.  The  need  for 
further  work  in  this  area  is  obvious . 
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Principle  of  Closed-Loop  Control. 


Force-Displacement  Curve  for  Specimen  ST/4 


